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Im Gedenken an meinen Vater
Deine Wissenschaft sei Menschlich!
David Hume, Eine Untersuchung u¨ber den menschlichen Verstand
Es fu¨hrt zu nichts, die Ersten Prinzipen ”durchschauen” zu wollen. Wenn man durch alles hindurch-
schaut, dann ist alles durchsichtig. Aber eine vo¨llig durchsichtige Welt ist unsichtbar geworden. Wer
alles duchschaut, sieht nichts mehr.
C. S. Lewis, Die Abschaffung des Menschen
ZUSAMMENFASSUNG
In dieser Arbeit werden Daten analysiert, die mit dem ALICE-Detektor (A Large
Ion Collider Experiment) am Large Hadron Collider (LHC) genommen wurden. Die
Eigenschaften und die a¨ußerst gute Leistungsfa¨higkeit des LHC haben es ermo¨glicht,
Daten von Proton-Proton (pp) Kollisionen in den letzten drei Jahren bei verschiede-
nen Schwerpunktsenergien (0.9 TeV, 2.36 TeV, 2.76 TeV, 7 TeV und 8 TeV) zu gewin-
nen. Dazu wurden in zwei der drei Jahre auch Blei–Blei (Pb–Pb) Kollisionen bei√
sNN = 2.76TeV durchgefu¨hrt und vor kurzem ein Pilot-Lauf mit Proton-Blei (pPb)
Kollisionen bei
√
sNN = 5.01TeV, der im Januar/Februar diesen Jahres durch einen
vollen Lauf vervollsta¨ndigt wird.
Die hohen Energien bei gleichzeitig geringem baryochemischen Potential (µB ≈ 0)
der Pb–Pb Kollisionen am LHC erlauben die Produktion von Strangeness, Charm und
Bottom Quarks in bisher unerreichter Anzahl. Die entweder in der urspru¨nglichen
harten Kollision (Charm und Bottom) oder im Quark-Gluon Plasma entstandenen
Quarks werden beim Abku¨hlen des Feuerballs in Hadronen oder auch leichten Ker-
nen (bis zu A=5) eingebaut. Die Produktionswahrscheinlichkeit nimmt mit der Masse
des produzierten Teilchens ab. Aber die hohe Zahl der Strangeness Quarks erlaubt
Studien von (Anti-)Hyperkernen wie etwa dem (Anti-)Hypertriton 3ΛH (
3
ΛH). Da
solche Kerne in Schwerionenkollisionen nachweislich produziert werden, sollte auch
das 1977 postulierte H-Dibaryon nachweisbar sein. Das H-Dibaryon ist ein hypo-
thetischer gebundener Zustand von sechs Quarks (uuddss). Die Suche nach dem H-
Dibaryon am LHC mit dem ALICE Apparat bildet den zentralen Teil dieser Arbeit.
Das Teilchen wurde nicht gefunden und eine obere Grenze wurde gesetzt. Genauso
wurde nach einem gebundenen Zustand des Λ-Teilchens mit einem Neutron gesucht.
Auch dieses Teilchen wurde nicht gefunden und eine obere Grenze fu¨r die Produk-
tion bestimmt.
Das thermische Modell beschreibt die Teilchenproduktion von allen gemessenen
Teilchensorten an vorhergegangenen Experimenten, bei verschiedenen Energien,
ziemlich gut. Dieses Modell und das Koaleszenz-Modell machen Vorhersagen fu¨r
die Produktion am LHC. Der Vergleich zwischen dem Experiment und den Modellen
fu¨hrt zu einer Diskrepanz von einem Faktor von 10, den die obere Grenze niedriger
liegt als die Modelle.
Dieses Resultat stellt die Existenz dieser beiden Teilchen in Frage.
Ein anderer Teil dieser Arbeit bescha¨ftigt sich mit der Produktion von seltsamen
Baryonen, insbesondere der ResonanzΛ(1520) in pp Daten, die bei 7 TeV genommen
wurden. Dabei wird die Masse, die Breite und die Ha¨ufigkeit pt abha¨ngig analysiert.
Das so gewonnene Spektrum muss bezu¨glich der Akzeptanz und Effizienz des De-
tektors korrigiert werden, um die Produktionsha¨ufigkeit dN/dy desΛ(1520) Teilchens
zu bestimmen. Diese wird mit der Produktionsha¨ufigkeit des Λ-Hyperons verglichen.
Daraus folgt eine gute U¨bereinstimmung der Λ(1520) Produktion relativ zur Produk-
tion des Λ-Hyperons in vorausgegangenen Experimenten NA49 und STAR.
ABSTRACT
Within this work data are analysed which have been taken with the ALICE apparatus
(A Large Ion Collider Experiment) at the Large Hadron Collider (LHC). The unique
properties and the excellent performance of the LHC made it possible to take data for
proton-proton collisions (pp) in the last three years at several center-of-mass energies
(0.9 TeV, 2.36 TeV, 2.76 TeV, 7 TeV and 8 TeV). It was further possible to aquire data
in two of the three years of lead–lead collisions (Pb–Pb) at
√
sNN = 2.76TeV and
recently a short pilot run of proton–lead collisions (pPb) at
√
sNN = 5.01TeV was
recorded. It will be continued as a full run in January/February this year.
The high energies and at the same time low baryo-chemical potential (µB ≈ 0) in
Pb–Pb collisions at the LHC allow the production of strangeness, charm and bottom
quarks in up to now unseen quantities. The particles created, either in the initial hard
collision (charm and bottom) or in the quark-gluon plasma, end up in hadrons or light
nuclei (up to A=5) in the cool-down phase of the fireball. The production probability
of particles decreases while its mass is increasing. But the huge amount of strange
quarks produced allows the study of (anti-)hypernuclei, like the (anti-)hypertriton 3ΛH
(3ΛH). Since such particles are measured in heavy-ion collisions it should be possible
to also measure particles like the H-Dibaryon, predicted in 1977. The H-Dibaryon is
a hypothetical bound state of six quarks (uuddss). The search for the H-Dibaryon at
the LHC with the ALICE apparatus is the main content of this work. The particle was
not observed and an upper limit has been set. Another search for a bound state of a
Λ particle and a neutron was also performed. This particle was also not observed and
an upper limit for the production yield was estimated.
The thermal model describes the production of all particle species in previously per-
formed experiments, at different energies, quite reasonably. This model and the co-
alescence model make predictions for the particle production at LHC energies. The
comparison between experimental result and these model predictions lead to a factor
of around 10 which the upper limit is below the expected yields.
This result questions the existence of these particles.
Another part of this thesis is dealing with the production of strange baryons, espe-
cially the baryonic resonance Λ(1520) in pp collisions at 7 TeV. Here the focus was
to measure mass, width and yield pt dependent. The pt spectrum has to be corrected
for the acceptance and efficiency of the detector, to measure the yield per rapidity unit
dN/dy of the Λ(1520). This is compared to the yield of the Λ hyperon. This shows
good agreement with the values measured in the previous experiments NA49 at SPS
and STAR at RHIC.
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1Chapter 1
Introduction
1.1 Quantum Chromodynamics
The current understanding of the strong interaction is described in terms of a gauge theory called Quan-
tum ChromoDynamics (QCD). It is a non-Abelian gauge theory where the gauge quanta are massless
but self interacting gluons. The gauge group is SU(3) which incorporates 3 colours, 3 anti-colours and 8
gluons. The Lagrangian density can be written as [ESW03]
LQCD =−14F
A
αβF
αβ
A + ∑
flavours
qa(i /D−m)abqb
where FAαβ = ∂αA
A
β −∂βAAα−g f ABCABαACβ is the field strength tensor for spin-1 gluon field AAα [YND06].
g is the QCD coupling constant which is the same for all strong interactions. The capital indices A, B
and C run over 8 colour degrees of freedom of the gluon field. The third term of FAαβ distinguishes QCD
from QED, giving rise to triplet and quartic gluon self-interactions and ultimately to asymptotic freedom.
There are three main features of QCD which will be discussed here briefly:
• asymptotic freedom
• confinement
• chiral symmetry
Asymptotic freedom
Since t’Hooft prooved that non-Abelian gauge theories are renormalisable [THO71] it is possible to get
a handle on infrared safety issues, i.e. divergencies of objects with energies approaching zero, which is
equivalent to physical phenomena at very long distances.
But at the same time this leads to a broken scale invariance by the renormalisation. This is cured by the
absorption of the physical scale dependence by the running coupling of g = (αS(Q
2))2
4pi .
It can be shown that the renormalisation scale dependence cancels order-by-order and for a meaningful
prediction at least next-to-leading order (NLO) calculations are needed. This is done using the so-called
beta-function of QCD [YND06]:
Q2
∂αs(Q2)
∂Q2
= β
(
αs(Q2)
)
.
2Using this beta-function in lowest order (β0) one can derive
αs(Q2) =
α0
1+α0
33−2n f
12pi ln(
Q2
µ2 )
,
with Q being the momentum transfer, α0 the coupling constant at the momentum transfer µ and n f the
number of flavours.
The noble prize in physics was awarded in 2004 to Gross, Wilczek and Politzer who showed in
1973 [GRO73, POL73] that
αS(Q2)→ 0 for Q→ ∞ ,
which means that QCD is an asymptotically free theory. The effective coupling vanishes at large
momenta, respectively short distances. This is due to the colour charge anti-screening.
A typical scale to test QCD is the mass of the neutral gauge boson of the electroweak interaction Z0.
Currently all data is consistent for αS(MZ) = 0.1184±0.0007, see Fig. 1.1.
Figure 1.1: Summary of measurements of αs as a function of the energy scale Q. Figure taken from [PDG12].
Figure 1.1 also shows good agreement between perturbative QCD and the experiment for αs. At the same
time lattice QCD also agrees with both.
Confinement
The increase of αS(Q) at low scales is often called infrared slavery and leads to confinement and hadro-
nisation. Already from the Fig. 1.1 one can see, that αs rises for small values of Q. Calculations in this
region of interest must use non-perturbative techniques, such as lattice QCD or QCD sum rules [NAR04],
or QCD inspired models [ALV86], like bag models.
This behaviour of QCD at low Q leads to the statement that quarks are never observed as free quarks, but
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are only observed inside hadrons.
One can convert this and the previously discussed observations into a phenomenological potential of
QCD. The potential of quarks decreases with short distances r as 1/r, this part of the potential is Coulomb
like. At larger distances, the potential increases linearly and therefore leads to the confinement of quarks
to hadrons. Thus, the potential V for qq¯ pairs becomes [YAG05]
V (r) =−4
3
αs
r
+ k r ,
it has the asymptotic behaviour V (r→ ∞)→ ∞ and V (r→ 0) ∝ 1/r.
Chiral symmetry
The QCD Lagrangian can be re-written as
LQCD =L0− ∑
flavours
qa(m)abqb .
Then the termL0, shows one symmetry of QCD named chiral symmetry.
This means that if one neglegts the mass term, chiral unitary transformations do not change the properties
of L0 [KOC97, QUI83], i.e. the Lagrangian of QCD with massless fermions is invariant under separate
unitary global transformations of the left- and right-handed quark fields.
It was even observed before the advent of QCD that such symmetry might exist. The spontaneous break-
ing of chiral symmetry was studied to explain the huge mass difference between the pion and the nucleon.
This behaviour is known as Partial Conservation of Axial Currents (PCAC) [NAM60], which is closely
related to the Goldberger-Treiman relation
g fpi = gAmN ,
with fpi the pion decay constant, gA the weak axial coupling constant and mN the mass of the nu-
cleon [QUI83]. Thus the Goldberger-Treiman relation gives a connection between the strong interaction
coupling of the pions to the nucleons and the axial vector current coefficient of the nucleon which
determines the weak decay rate of the neutron.
Chiral symmetry is spontaneously broken in nature, thus the symmetry does not manifest itself in parity
multiplets of hadrons [MOS99, KOC97]. These chiral partners show a mass splitting, which shows the
spontaneous breaking of chiral symmetry due to a non-vanishing vacuum expectation value of the chiral
quark condensate 〈0|qq|0〉 6= 0.
The two phases of chiral symmetry are separated by the so called quark condensate 〈0|qq|0〉. It is the
order parameter of the chiral phase transition and should be 0 if the symmetry is restored (Wigner phase).
As long as 〈0|qq|0〉 6= 0 the chiral symmetry is broken and the world exists in a Goldstone phase. The
approximate Goldstone modes are represented by the pions, but also η and K mesons are very often
counted as Goldstone bosons. A pure Goldstone mode would be massless, but since chiral symmetry is
not completely correct the masses of the Goldstone modes are quite low, especially when compared with
the mass of the nucleon.
Chiral symmetry restoration
One possible phase transition of QCD is connected to chiral symmetry.
It is expected from calculations connected to the Nambu–Jona-Lasino (NJL) model [BUB05] (or the σ
4model [KOC97]) that at a critical temperature the QCD contribution of the quark masses vanish and thus
the chiral symmetry is restored, i.e. we switch from the Goldstone phase to the Wigner phase.
This could lead to changes of the properties of the known particle zoo of hadrons, i.e. mesons and
baryons.
It should manifest itself even more for resonances when chiral symmetry is restored. Their lifetimes
could change (broadening) and/or the mass of the resonances is shifted. Currently a main focus of this
subfield of research is laid on low-mass vector mesons, i.e. ρ(770), ω(782) and φ(1020) in their dilepton
decay channels. The main idea here is that the dileptons would not be affected by passing trough the
strongly interacting matter which was created and would exist in a chiral symmetry restored phase, see
for instance [RAW00]. While for the hadronic decays of these resonances there is also interaction with
the medium from its decay daughters.
1.1.1 Lattice QCD
Lattice QCD has developed to a very useful non-perturbative tool to calculate observables of QCD. It
is based on the assumption that the QCD action can be placed on a lattice formulated in discretised
space-time [WIL74]. The determination of the aimed QCD observables makes use of Monte Carlo
simulations [CRE80, ROT05].
Main issues in this field are the proper choice of the action, which has to obey the symmetries of QCD
and all other properties of the gauge, and of the fermions, to describe the quarks.
Depending on these choices one is able to answer different QCD questions on the lattice. Nearly
all issues raised in non-perturbative QCD are worked on from the spectrum of hadrons (see for
instance [DU¨R08]) to the ab-initio calculation of the strong coupling constant (see Fig. 1.1).
The next currently ongoing test for lattice QCD is the calculation of light nuclei properties from first
principles. One outcome on the way to this goal are the calculations for the H-Dibaryon which will be
discussed later in Chapter 2.
Lattice QCD is also used as a prediction tool for the two previously discussed QCD phase transitions,
i.e. chiral and deconfinement phase transition.
It was shown through calculations from lattice QCD that chiral and deconfinement transition hap-
pen nearly at the same temperature and that the deconfinement transition is of an analytical crossover
type [AOK06]. The pseudo-critical temperature Tc (it is called pseudo-critical because of the crossover
type of the phase transition, where no phase boundary exists, whereas for first and second order phase
transitions it exists and therefore Tc there is called critical temperature) derived in the most recent calcu-
lation is Tc = (154±9)MeV [HOT12].
1.1.2 Baryon-baryon interaction
The calculations from lattice QCD for particles like the deuteron and other light nuclei can be used to
study the baryon-baryon interaction which is responsible for the binding or not binding of baryons to
form light nuclei [NPL12, NPL12a, SAV12]. It is not obvious that a proton and a neutron form deuterons
and on the other hand two neutrons are unbound. In this scope it is interesting that no stable nucleus
exists which contains 5 nucleons (superheavy hydrogen 5H has been observed in 2001 [KOR01] and
it decays strongly), but if already one of the nucleons is replaced by a hyperon it is possible to form a
hypernucleus (5ΛHe was already observed in 1956 [FRY56]) which is stable against strong decays. Thus
it only decays weakly.
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Effective field theories, like the chiral perturbation theory (ChPT, often also χPT), also allow calcula-
tions in the low-energy regime of QCD. The nucleon-nucleon and also the nucleon-hyperon interaction
are studied with the help of ChPT to study properties of nuclei and hyper-nuclei [HAI07]. Earlier, ChPT
has proven to be quite useful in the description of meson-meson interactions [BIJ07], e.g. pipi scattering.
Recently, ChPT also is used for calculations of the hyperon-hyperon interaction [HAI10, HAI13].
It should also be noted here that typically ChPT is used to extrapolate lattice QCD calculations to the
physical pion mass, whereas the lattice QCD calculations are usually done at much higher pion masses.
Also potential models based on symmetry relations and one-meson-exchange [STO99] can be used to
study baryon-baryon interactions.
It is crucial for the understanding of nuclei and hyper-nuclei to get a theoretical handle on the baryon-
baryon interaction. Connected to this it is still not fully understood why the deuteron is only bound by
2.2 MeV, whereas nuclei containing more nucleons have typical binding energies of 8 MeV per nucleon.
Especially on the experimental sector only limited data on the nucleon-hyperon and the hyperon-hyperon
interaction is available. The experimental situation clearly has to be improved [GAL13]. This can be
done like it is done in this thesis as search for bound states via invariant mass analysis. Another possibilty,
especially if the interactions are too weak to form bound states or if they are even repulsive, is to measure
the correlations of the different baryons with each other and extract the potentials from this. ALICE
allows both types of measurements, even for multi-strange baryons which are abundantly produced at
the LHC.
1.2 Quark-Gluon Plasma
The experimentally well proven confinement does not allow quarks and gluons to be observed freely.
They are always bound in hadrons under normal conditions. But they were freed from their hadronic
imprisonment, until a few microseconds after the big bang. The quarks and gluons started to form
hadrons when the pseudo-critical temperature was passed from higher to lower temperatures. Collisions
of nuclei at very high energies also allow to reach such high temperatures, thus it is possible to create
the so called Quark-Gluon Plasma (QGP) [PBM07, PBM09].
To say it more general, quarks and gluons are freed from confinement at temperatures which are high
enough and/or at high enough densities. In 1975 Collins and Perry [COL75] thought that a new state of
strongly interacting matter might be created. In the same year also Cabibbo and Parisi [CAP75] had the
idea that in the asymptotically free regime only weakly interacting quark matter would exist.
One can get a rough estimate of a limiting scale in QCD from Heisenberg’s uncertainty principle
(∆p∆x≥ h¯) assuming the size of a hadron (≈ 1 fm) as limiting length:
ΛQCD =
h¯c
1fm
=
197MeVfm
1fm
≈ 200MeV
An interesting observation connected to the transition temperature was already made in 1965. R. Hage-
dorn argued that there is a maximum temperature for hadronic matter based on the increasing density
of hadronic states with increasing energy [HAG65]. He assumed for the density of states as function of
mass an exponential behaviour
ρ(m) ∝
(
m20+m
2)− 54 exp(m/TH) ,
6with his calculation he observed a limiting temperature TH of around 158 MeV. But since then the
number of known resonances increased.
The Hagedorn temperature TH was revisited lately by Cleymans and Worku. They used all known
resonance states from the PDG (Particle Data Group, the collaboration which collects and summarises
the field of particle physics and connected areas - this summary is published every second year
and known in the field also as PDG) of 2008 and performed a fit to the hagedorn spectrum. With
this they observed a value for TH = 177.1 MeV [CLE11]. Which means that the limiting tempera-
ture of the hadron gas is of the same order as the deconfinement temperature estimated from lattice QCD.
Hadrochemistry and thermal model
It is a remarkable fact that the measured yields of different particle species produced in heavy-ion
collisions can be described by a statistical model. The simplest model has only three free parameters T ,
V and µb [PBM04, PBM07]. The volume V cancels when particle yield ratios are investigated, for this
typically the particle to pion ratio is used.
To test this model properly as many states (resonances and stable particles) as possible have to be
measured and compared with the thermal model value, this is done in a fit to all measured particle yields
at a given collider energy.
Such fits have been performed for various energies and different collision systems. The RHIC (Rela-
tivistic Heavy-Ion Collider at the Brookhaven National Laboratory) data are very well described by
the thermal model, see left panel of Fig. 1.2. From this global fit combining measurements of Au–Au
collisions at
√
sNN = 200GeV a chemical freeze-out temperature T = 162±4 MeV can be evaluated.
Chemical freeze-out here means the time of the fireball evolution, when the hadron yields are frozen and
only change through decays. These hadrons are created when the fireball is cooled down such that the
QGP can no longer exist, but hadrons are produced, i.e. the deconfinement starts. There is another freeze-
out in the fireball evolution which comes later than the chemical freeze-out, which is called thermal or
kinetic freeze-out, where the produced hadrons stop to undergo elastic collisions. The thermal freeze-
out is extracted for example from the single particle spectra and is typically in the range of 120-140 MeV.
A similar fit to the yet available particles at the LHC measured with the ALICE setup in Pb–Pb collisions
at
√
sNN = 2.76TeV has been performed and leads to a chemical freeze-out temperature T = 164±
8 MeV, shown in Fig. 1.2. But shows a nice agreement for most measured particle species except the
protons which are left out for this fit.
Investigations have shown that the multi-particle collisions are strongly enhanced at high density and lead
to chemical equilibrium very near to Tc [PSW04]. This makes it possible to study the phase boundary
of the QCD phase transition via the fits for the different collision enegies and collision systems which
define T and µB.
Radiative energy-loss as QGP signature
The necessary energy density and temperature, to form a QGP experimentally, can only be reached in
heavy-ion collisions. But the real question which comes up is how can we distinguish the confined phase
from the created QGP. Several possible signatures have been proposed since the first estimates of the
limiting temperature were done. In this section we will highlight the currently most prominent signature,
known as jet quenching, and in the following section the proposed signature directly connected with the
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Figure 1.2: Thermal fit for all measured particle species at RHIC (left) and for the currently available ALICE data
at LHC (right), from [AND12].
analyses presented in this thesis, called strangeness enhancement. Both signatures date back to the year
1982.
One possible observable, predicted in 1982 by Bjorken [BJO82] is the suppression of particle production
at high transverse momentum (pt). This suppression is often called jet quenching, this name was intro-
duced by M. Gyulassy and M. Plu¨mer in 1990 [GYU90]. High-pt hadrons originate from partons which
are produced predominantly in hard scattering processes. Suppression of these high-pt hadrons can occur
due to energy loss while the corresponding partons traverse the created QGP. A possible measure for the
connected energy loss is the nuclear modification factor RAA, defined as
RAA =
σAA(pt)
〈Nbinary〉σpp(pt) .
Here σAA is the cross-section for AA (nucleus-nucleus) collisions, σpp is the cross-section in pp (nucleon-
nucleon) collisions and 〈Nbinary〉 is the number of binary nucleon-nucleon collisions in the AA collision.
〈Nbinary〉 is obtained from the inelastic nucleon-nucleon cross section and the nuclear overlap function
based on the Glauber model [YAG05].
RAA measures the influence of the medium produced in AA collisions on particle yields compared
the particle yields produced in pp collisions. For this the yield in pp collision has to be scaled with
the number of binary nucleon collisions in the corresponding AA collision in a given centrality class.
Thus RAA would yield unity if there would be no medium effect. If the value would go below unity a
suppression is observed and in case of an enhancement the value would be above unity.
Of particular interest is the energy loss of heavy quarks since those are produced already in the initial
hard collision of partons. Thus the heavy quarks undergo the whole QGP phase, whereas lighter quarks
can also be produced inside the QGP. The RAA spectrum for charged hadrons [ABE12a], an average of
D mesons [ABE12b], both measured by ALICE, and the non-prompt J/ψ done by the CMS collabora-
tion [CHA12], measurements are shown in Figure 1.3.
From the theory side an ordering of RAA for the different quark flavours is expected following RBAA >
RDAA > R
pi
AA [DOK01], which means that bottomed mesons should loose less energy than light flavoured
mesons.
8High-pt suppression was observed first at RHIC (Relativistic Heavy Ion Collider) at the Brookhaven
National Laboratory in Au–Au collisions at
√
sNN = 130GeV [ADC02] and later confirmed at
√
sNN =
200GeV [ADC05, ADA05]. There a strong suppression (RAA between 0.2 and 0.25) was measured for
light-flavour hadrons in central collisions. At the LHC the value goes even further down to a RAA ≈ 0.14
at pt ≈ 6− 8 GeV/c in central Pb–Pb collisions at √sNN = 2.76TeV. This leads to the conclusion that
the medium created at the LHC is denser than the one created at RHIC. So far the suppression of heavy-
flavour hadrons at RHIC was only measured indirectly from their inclusive decay electrons [ADL06,
ABE07, ADA11]. It is close to the measured RAA of pi mesons and not as high as expected based on
radiative energy loss [ARM06, ARM10]. The analysis of heavy-flavour electrons is also done in ALICE
at the LHC and shows good agreement with the averaged D mesons shown in Fig. 1.3.
The CMS Collaboration measured also a strong suppression (RAA ≈ 0.35) for non-prompt J/ψ particles
from B meson decays at the LHC [CHA12], shown in Fig. 1.3.
Comparing these different measurements it is currently not totally clear if the ordering for radiative
energy loss of the different flavours is valid. It seems that further improvement is needed on both sides:
experiment and theory. But it is clear from the observation of such a high suppression that a special kind
of matter has formed in Pb–Pb collsions at the LHC.
1.2.1 Strangeness
Historically, the study of strangeness in heavy-ion collisions was proposed in 1982, by Rafelski and
Mu¨ller [RAF82], where they suggested the so-called strangeness enhancement as a signature for the
formation of a QGP. This idea was then enlarged in [KMR86]. It will be discussed here shortly, even if
Figure 1.3: Average RAA of D mesons in the 0-20 % centrality class compared to the nuclear modification factors
of charged particles [ABE12a] and non-prompt J/ψ from B decays [CHA12] in the same centrality
class. Taken from [ABE12b].
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the collected experimental observations favour a different explanation.
Figure 1.4: Leading order Feynman diagrams for strangeness production.
In their article they follow mainly two lines of argumentation:
• The production threshold for the production of strangeness via ss pairs is considerably lower than
the one for hadrons. For this argument they compare the energy needed to produce strange particles
for a gas of quarks and gluons to those for a hadron gas. The associated ss pair production can
proceed by the fusion of two gluons g+g→ s+s or two (massless) light quarks (q= u,d), q+q→
s+s, which involves only QQCD = 2ms ≈ 200MeV. But in the processes connected to a hadron gas
like NN↔ NΛK the involved scale QHG is larger: QHG = mΛ+mK−mN ≈ 670MeV. This should
lead to larger production of strangeness in the QGP compared to a hadron gas.
• The timescale for the equilibration of the production of strange particles in a QGP is significantly
smaller than that for a hadron gas. Which means that the number of particles produced in a QGP
should be close to the equilibrium value and not be suppressed by any dynamical effects which
would occur from hadronic interactions.
The production via gluons has three possible Feynman diagrams at lowest order, whereas the light
quark mechanism only has one. All lowest order diagrams are shown in Fig. 1.4. Rafelski and
Mu¨ller calculate the rate of ss production and show that the dominating production process is
g+g→ s+s. This would allow the enhanced production of (multi-)strange hadrons in a heavy-ion
collison if a QGP was formed. But this would not be true in a pure hadronic world.
Experimental collaborations have studied (multi-)strange particle production since then. A recent
compilation of the ratios is shown in Fig. 1.5. It shows the yield measured in AA collisions compared
to the scaled pp (and pBe for the NA57 results) versus the average number of participants. Debates
are ongoing on the interpretation since data of WA97 appeared, the data shown as comparison in
Fig. 1.5 are from its successing experiment NA57 [BLM11]. The figure also shows data from STAR
(an experiment at RHIC) and the comparison of these different experimental results indicate that the
observed enhancement decreases when the center-of-mass energy of the collision is increasing. The
increase of the yield, relative to the scaled reference, of particles containing more strangeness, shown on
the left panel of Fig. 1.5 was predicted in [RAF82]. Where they expect an ordering of the enhancement
E of the particles of E(Ω)> E(Ξ)> E(Λ).
Todays interpretation is that the visible enhancement is not due to an enhancement in AA collisions
but a suppression in pp [BLM11]. This suppression is called canonical suppression, since it can be
explained using a thermal model with a canonical formulation of strangeness conservation [HAM00]. In
the canonical formulation of the thermal model the conservation of quantum numbers is done exactly
on an event-by-event basis. Whereas the grand canonical formulation (used in heavy-ion collisions)
implements the conservation of quantum numbers only on average by using the corresponding chem-
ical potential, e.g. baryochemical potential or the chemical potential of strangeness. The canonical
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Figure 1.5: Yields of strange particles (Λ, Ξ− and Ω−) compared to the yields measured in pp, respectively in
pBe; the correponding antiparticles are only shown for experiments at lower energies.
formulation can also very well describe the decrease of the enhancement with increasing collision
energy [RED02] and the observed ordering connected to the strangeness content [TOU03].
But nevertheless strangeness remains an interesting probe for the medium created in heavy-ion collisions.
Since the thermal model is able to describe yields in heavy-ion collisions quite well it is interesting to
note that they show some deviation looking at strange resonances at RHIC [ABE05]. In Fig. 1.6 the
STAR collaboration compares the resonance to stable particle ratios from their measurement with the
thermal model and a transport model, called Ultrarelativistic Quantum Molecular Dynamics (UrQMD).
Both show deviations for the Λ(1520) (in the figure named Λ?) in more central collisions where they
agree better at more peripheral collisions.
Even if the strangeness enhancement is not a good signature of the QGP, strangeness itself remains an
interesting probe of the medium created in heavy-ion collisions. The strange quark plays an important
role in QCD itself. Its mass is nicely seperated from the light quarks (u, d) and the heavy quarks (c, b)
which makes it produceable thermally inside the hot fireball, whereas b and c quarks are produced in the
initial hard collision. But strange quarks also have a certain influence on the thermodynamic properties
of QCD. The mass ms of the strange quark controls the properties of the chiral and the deconfinement
transition [BRO90], this is visible from the so-called Columbia plot 1.7. Where the possible transition
order is plotted depending on the mass of the light quarks versus the mass of the strange quark. The plot
itself is extracted from lattice QCD calculations.
The LHC gives the further advantage that strangeness is abundantly produced, both in pp and Pb–Pb
collisions. ALICE has measured that around 30 Lambda, around 4 Xi and close to one Omega is
produced per central event and rapidity unit. This shows that enough strangeness is produced per event,
to start looking into the production of rather rarely produced exotics containing strangeness which are
studied in this thesis.
CHAPTER 1. INTRODUCTION 11
The main part of this work is the search for the H-Dibaryon, followed by the search for the Λn bound
state, both in Pb–Pb collisions at
√
sNN = 2.76TeV. The first particle is a six-quark state and the latter a
particle which was observed by the HypHI experiment at GSI [HYP11, HYP12]. Both will be discussed
a bit more in the next chapter about exotica.
Another part of this thesis is connected with strange baryons produced in pp collisions at
√
s = 7TeV.
We discuss the Λ a bit more general in chapter 4, since it is also a necessary part of the H-Dibaryon
Figure 1.6: Ratios of resonances to stable particles measured by the STAR Collaboration versus charged parti-
cles per rapidity unit (dNch/dy) and predictions from the thermal model and UrQMD. Figure taken
from [ABE05].
Figure 1.7: ”Columbia plot”: landscape of the possible phase transition order depending on the light quark masses
(u, d) on the x-axis and the strange quark mass on the y-axis, taken from [FUK11].
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search, and then use the Λs in pp collisions to show the capabilities of a possible analysis of Σ0, Ξ−
and Σ(1385) connected with the Λ. But we concentrate our investigations on the Λ(1520), a baryonic
resonance decaying into pK−. We focus here only on pp collisions for the Λ(1520), they provide a
baseline for Pb–Pb collisions. These investigations are described in chapter 5.
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Chapter 2
Exotica
2.1 Overview
In principle QCD does not prevent particles to not be ”normal” experimentally observed hadrons, i.e.
baryons (containing 3 quarks) or mesons (consisting of a quark and an anti-quark), respectively their
anti-particles [GEL64]. In other words QCD might allow for states which are not made from either three
quarks or a quark-anti-quark pair.
Such objects are usually called exotics or exotica. Several states have been predicted by theoretical
models, some of them have been claimed to be found already. But final conclusions have not been made.
Of particular interest are particles either consisting completely of gluons (so-called glueballs) and quark
composites of different types, for example pentaquarks [KLE07], consisting of 4 quarks and one anti-
quark. Often also bound states of hadrons which do not occur in every-day matter are called exotica.
A good example are hypernuclei, where at least one hyperon (a baryon containing at least one strange
quark) is bound in the nucleus. The lightest possible hypernucleus is a bound state of a proton, a neutron
and a Λ. It is called hypertriton 3ΛH. It should be noted that the anti-hypertriton was discovered recently
in heavy-ion collisions at RHIC by the STAR collaboration [ABE10]. Another class of exotica are so-
called kaonic clusters, where a charged kaon could bind two protons to form a ppK cluster. There are
also heavier versions of these clusters predicted [YAM02]. In connection to these clusters the Λ(1405)
resonance is seen as a pK− bound state [YAM04].
Other possible exotica would be built from two anti-quarks and two quarks (tetraquark) or consist of six
quarks. The latter would be a so-called hexaquark.
One example for such a particle was postulated by Jaffe in the year 1977, it is supposed to consist of 6
quarks (uuddss) [JAF77]. This hexaquark or so-called H-Dibaryon has a total angular momentum and
isospin zero with positive parity (JP = 0+, S =−2). It would be a flavour as well as a colour singlet. In
the context of strange quark matter the H-Dibaryon is seen as the smallest strangelet candidate [GRE99].
2.2 H-Dibaryon
2.2.1 Models for the description of the H-Dibaryon
The strength of the interaction between quarks increases with the distance between themselves. Low-
energy processes can only be described analytically by using simplified models. These try to capture
the dominant parts within the interaction of quarks and gluons within low energy surroundings. Usually
they have a couple of free parameters, which according to measured characteristics (mass, spin etc.) of
well known particles (e.g. pi , p or Λ) can be distinguished. These models can be utilised to describe the
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H-Dibaryon. Common to all these models is the assumption that the chromo-magnetic hyperfine struc-
ture provides the necessary energy to bind the H-Dibaryon. The chromo-magnetic hyperfine structure is
analogue to the quantum electrodynamics, but caused by a one-gluon exchange. So it is similar to the
electromagnetic hyperfine structure, which can be observed for example in the hydrogen atom. Since it
is significantly stronger than the electromagnetic analogon it is responsible for the mass difference for
particles with spin 0 and their partners with spin 1. The mass difference from, e.g. K and K(890) (often
only called K?), mesons or from N and ∆ is more than 300 MeV/c2. In the following part we will take a
closer look at a couple of models for the ascertainment of the mass of the H-Dibaryon. A review showing
the large range of predictions for the mass of the H-Dibaryon can be found in [SAK00]. Several different
models are discussed there but we will only highlight some of them.
2.2.2 Theoretical statements about the H-Dibaryon mass
Bag model
The bag model, we focus here on the MIT bag model, since it was the method used to calculate
the hexaquark state of uuddss which is called H-Dibaryon. A first bag model was introduced by
Bogolioubov [BOG68] in 1968, where he limited the freedom of the quarks by a boundary condition.
This was found to violate energy-momentum conservation at the bag surface by the MIT group. This led
them to develop their own model which is still widely used to get a rough estimate of QCD observables.
MIT bag model
The MIT bag model was developed by a group hosted at Massachusets Institute of Technology in the
early seventies [CHO74, CHO74a]. It is a QCD-inspired model which can describe basic properties
of hadrons and incorporates the confinement of quarks inside the hadron. This is fullfilled as a spatial
confinement caused by an external pressure which restricts the quarks to move only inside the region of
spatial confinement, called bag. These boundary conditions do not allow the quarks to leave the bag. The
Hamiltonian of the model can be written as
Hbag = Hkinetic+Hspin−spin+Hvolume+H0 ,
where the volume term is simply given by BV . Here B is the bag constant and V the bag volume, which
is in the easiest case only the volume of a sphere V = 43piR
3. The bag constant B represents the external
pressure and is scalar since Lorentz invariance has to be conserved.
Each quark occupies a single particle orbital and if all quarks are in their ground state the bag becomes
spherical. As long as the quarks are inside the bag, they can move quasi-free.
With these assumptions it is possible to describe the masses of light hadrons quite reasonably [DEG76].
If R of the bag is set to the radius of the nucleon (≈ 1 fm), the bag model predicts a nucleon mass that
is within 30% of the actual mass. Even though the model is not able to describe the pion mass or any
pion-mediated interaction.
One has to admit that chiral symmetry is explicitly broken on the bag surface, i.e. the boundary
conditions. This can be cured by extending the MIT bag model by introducing for instance pion fields
which couple the quarks to the surface [ALV86]. This model is then called cloudy bag model [ALV86].
Another possibility to solve this problem is to introduce skyrmions into the model which leads to the
chiral bag model [ALV86].
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H-Dibaryon from the MIT bag model
The contribution of the chromo-magnetic one-gluon exchange to the binding energy in the MIT bag
model (pointed out by Jaffe [JAF77]) is given by
Eh f s =−∑
i> j
λ ai λ
a
i σiσ jM(miR,m jR),
where σi (λi) is the spin (colour) vector of the ith quark normalised to 3 (2) and M(miR,m jR) measures
the interaction strength.
In the absence of antiquarks the previous equation can be transformed to [JAF77]
Eh f s = (8N− 12C6+
4
3
J(J+1))M ,
Where N stands for the total number of quarks, J for the total angular momentum and C6 for the
eigen-value of the Casimir operator for the colour-spin SU(6).
This interaction depends on the orientation of the spins and leads to an attraction for anti-parallel spins
and to repulsion for parallel spins. It can explain the energy splitting between octet and decuplet of
baryons and for the nonets of pseudoscalars and vector mesons. The contribution given by this interaction
is the main reason for a possible bound state as pointed out in [JAF77]. But Jaffe assumes here the mass
of the strange quark to be zero. At the same time he suggests regions of masses where the H could lie.
Since Jaffe’s publication in the year 1977 there were several corrections done to this model. For example
the influence of the movement of the quark within the barycenter system [LIU82] or treat with pionic
corrections [MUL83]. These corrections switch the possible mass of the H-Dibaryon partially close to
the ΛΛ threshold sometimes even beyond that [LIU82, MUL83, ROS86, GOL92].
Lattice QCD calculations
As mentioned in the introduction, lattice QCD has become a useful method to describe low energy QCD
processes. In the framework of (hyper-)nuclear physics calculations to describe complete nuclei have
been started and use the H-Dibaryon as a six quark state as an interesting object of study.
Lattice calculations have been performed since the 1980s. The precision of their predictions is limited
by the possible lattice spacings and the implemented actions and fermions. While most of the older
calculations tended to the unbound or resonant H-Dibaryon [WET03], some results indicated a possible
mass range between 1.88 GeV/c2 [IWA88] up until an unbound hexaquark.
Recently, lattice calculations have been performed with higher accuracy (improved fermions and smaller
lattice spacings) showing evidence for a bound H-Dibaryon. These calculations have been performed by
two lattice QCD groups: the HAL QCD [HAL11] collaboration and the NPLQCD [NPL11] collabora-
tion. The lattice results are summarised in Fig. 2.1. This led also to a new interest from the experimental
side.
Although these calculations have been done at an unphysical pion mass (mpi ≈ 390GeV/c2). When those
results are extrapolated chiraly [SHA11, HAI11] towards the physical point the H is rather unbound: ei-
ther by 13± 14 MeV (so it could still be bound by 1 MeV) above the ΛΛ (2.231 GeV/c2) threshold or
even close to the Ξp threshold (2.26 GeV/c2). A binding energy of around 1 MeV is also favoured from
the observed double Λ hypernuclei, which gives the current constraints on the ΛΛ interaction, for a recent
discussion see 2.2.4 and [BOT12].
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Figure 2.1: Lattice QCD results for the binding energy of the H-Dibaryon depending on the kaon and the pion
mass from the HAL (red dots) and the NPL (green triangles) collaborations. Figure from [INO12],
based on [HAL11].
Other models
Apart from the already mentioned models to calculate the mass of the H-Dibaryon there are other possible
ways. Scoccola and Thomas [SCO94] use the Skyrme model and get a binding energy of 34 MeV for
the H-Dibaryon. But after the application of necessary corrections, which are needed to better describe
the deuterons, the H is found to be an unbound state. Other authors get a binding energy of about 90
MeV [KLE96]. Other models utilised to describe the H-Dibaryon are reviewed in [ALV86], i.e. QCD
sum rules, instanton interaction and static quark models. According to [SAK00] the values scatter around
the ΛΛ threshold within ranges of the order of 100 MeV/c2.
A final verdict about the correct description of the one or the other model can only be facilitated through
an experimental analysis about the existence or the non-exsistence of the H-Dibaryon. This means the
models have to be tested and verified or falsified.
2.2.3 Expected branching ratios of the H-Dibaryon and the connected lifetimes
The only definitively assured six-quark system is the deuteron. In analogy to this it is possible that also
bound states of two Λs or a Λ and a neutron exist. The latter might have been observed by the HypHI
collaboration at GSI [HYP11] and will be also investigated experimentally later on.
Donoghue, Golowich and Holstein calculated the possible lifetime and branching ratios for the mass
range from 1.88 GeV/c2 up to the ΛΛ threshold for the H-Dibaryon [DON86]. This was done because at
that time discussions were ongoing if the cosmic rays reaching earth are made of H-Dibaryons coming
from a pulsar and could be responsible for the observation of unusal large numbers of muons in an
underground experiment [MAR85, BAY85]. The results for the lifetime of the H-Dibaryon is shown in
Fig. 2.2 and led them to the conclusion that the possible lifetimes of the H-Dibaryon can not be the cause
of the so-called Cygnus X-3 events. The dashed line in Fig. 2.2 corresponds to the possible lifetimes for
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Figure 2.2: Possible H-Dibaryon lifetimes depending on their mass, taken from [DON86].
the H→ Λppi− decay channel.
The lifetimes are strongly depending on the mass of the H and thus are also the branching ratios. The
branching ratios, depending on mass and the corresponding average lifetime, are summarised in Fig. 2.3.
These calculations are using a P-Matrix formalism which represents a rigorous way to connect this
artificially confined six-quark state with the real strongly interacting final state, according to the
authors [DON86]. But the only experimentally easy accessible decay channel is the H→ Λppi− which
causes them some troubles. They argue that from a simple perspective one would have thought that the
pionic mode, which becomes allowed above the Λppi threshold, should only give small corrections.
But they found that p-waves become important for the calculation of the branching ratio, whereas they
have only used s-waves for the decays into only baryons. They further state: The overall transition
amplitude for the H→ ΛNpi is beyond the technical capabilities of present quark -model methods due to
number of particles in the final state. Likewise the strong pion vertex is not presently calculable [DON86].
The lightest two baryon system with a quark content equivalent to the H-Dibaryon (uuddss), is the
ΛΛ system. This ΛΛ system could also be bound and this bound state would have the same quantum
numbers. It was first studied in [KRI82]. Thus it is natural to also have a look at this bound state. Several
dibaryons with different strangeness content have been studied theoretically in [JSB00] and at the same
time suggestions are given how to measure them in relativistic heavy-ion collisions. The authors provide
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Figure 2.3: Possible mass regions of the H-Dibaryon and the connected lifetimes, branching ratios respectively.
The different thresholds are indicated by the dashed lines. Figure taken from [CRA98].
in this article the branching ratios for the ΛΛ bound state depending on the binding energies. This is
shown in 2.4 and it leads to a value of around 10 % at a binding energy of 15 MeV and a value of 64 %
close to the ΛΛ threshold for the ΛΛ bound state decaying into Λppi−. Recent calculations show even a
better agreement for the branching ratios between H-Dibaryon and the ΛΛ bound state [JSB12] which
makes it feasible to treat them equally.
2.2.4 Experimental constraints on the H-Dibaryon mass
A valid experimental constraint on the possible binding energy of the H-Dibaryon or the ΛΛ bound
state is the existence and observation of double Λ hypernuclei. These have been discovered in
1963, were a first event of a decay of a double Λ hypernucleus was observed in a nuclear emulsion
experiment [DAN63]. Since then 6 further events have been detected. Their interpretation is not
always unambiguous since they decay sequentially. The most prominent example is the ”NAGARA”
event [TAK01] where the following sequence is visible: Ξ− +12 C →6ΛΛ He+3 H+4 He which lead
to the decay 6ΛΛHe→5Λ He+ p+ pi− where the 5ΛHe further decays through 5ΛHe→3 H+ p+ n. This
sequence shows also the main production mechanism of those events via a Ξ− capture since the transfer
of S = 2 is needed to create a double Λ hypernucleus. The 7 identified double Λ hypernuclei events are
summarised in Tab. 2.1. They all have been observed in emulsion experiments and have been re-analysed
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Figure 2.4: Theoretical calculation of the branching ratios depending on the binding energy of the ΛΛ bound state
for different decay channels, taken from [JSB00].
recently [GAL11, GAL12].
The binding energies of the double ΛΛ hypernuclei (BΛΛ) provide upper limits for that of the H-Dibaryon
(BH ≤ BΛΛ). For the binding energy BΛΛ of a hypernucleus with the order number Z and the nucleon
number A ( AΛΛZ) the following applies: BΛΛ = M(
A−2Z)+ 2MΛ−M(AΛΛZ). If this relation also applies
for an H-Dibaryon of a mass MH , then a transition through the strong interactions with AΛΛZ→A−2 Z+H
is energetically supported:
MH < 2MΛ−BΛΛ .
Aoki and colleagues [AOK91] provide for the interpretation of a 10ΛΛBe double hypernucleus an extreme
value of (2222.8 ± 0.7) MeV/c2 and for a 13ΛΛB a lower value of (2203.7 ± 0.7) MeV/c2. From the re-
analysis of the double Λ hypernuclei data by Gal and Millener [GAL11, GAL12] (compiled in Table 2.1)
one can say that the maximal binding energy is about 20 MeV. A recent discussion of these results in the
view of the chiral constituent quark model can be found in [CAR12].
The so-called ”NAGARA” event reported in 2001 is interpreted uniquely as the sequential decay of
6
ΛΛHe. The mass and the values of BΛΛ and of the ΛΛ interaction energy ∆BΛΛ were determined without
ambiguities. The small value of ∆BΛΛ suggested an attraction weaker than the one previously estimated.
It also gave the most stringent constraint to the mass of the H-Dibaryon to date (i.e., MH ≥ 2223.7
MeV/c2 at a 90% confidence level [BOT12, TAK01]).
2.2.5 Previous searches for the H-Dibaryon
Since Jaffe’s prediction in 1977 experiments started to look for the predicted state. A lot of experimental
effort has been put into it. It turned out to be a challenging measurement especially accounting the large
span of possible mass of the H-Dibaryon, from 1.88 GeV/c2 till around 2.6 GeV/c2, combined with the
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Event Nuclide BΛΛ (MeV/c2) ∆BΛΛ (MeV/c2) Reference BΛΛ (MeV/c2) [GAL11]
Danysz et al. 10ΛΛBe 17.7 ± 0.4 4.3 ± 0.4 [DAN63] 14.94 ± 0.13
Prowse 6ΛΛHe 10.9 ± 0.5 4.7 ± 1.0 [PRO66] discarded
Aoki et al. 13ΛΛB 27.5 ± 0.7 4.8 ± 0.7 [AOK91] 23.21 ± 0.21
13
ΛΛBe 23.3 ± 0.7 0.6 ± 0.8 [NAK10] 20.72 ± 0.20
NAGARA 6ΛΛHe 7.13 ± 0.87 1.0 ± 0.2 [TAK01] 6.91 ± 0.16
DEMACHIYANAGI 10ΛΛBe
∗ 11.90 ± 0.13 -1.52 ± 0.15 [AHN01] 14.97 ± 0.22
MIKAGE 6ΛΛHe 10.06 ± 1.72 3.82 ± 1.72 [TAK03] discarded
11
ΛΛBe 22.12 ± 2.67 3.90 ± 2.71 [NAK10a] 18.40 ± 0.28
HIDA 11ΛΛBe 20.49 ± 1.15 2.27 ± 1.23 [NAK10] 18.40 ± 0.28
12
ΛΛBe 22.23 ± 1.15 [NAK10] 20.85 ± 0.20
Table 2.1: Summary of observed double Λ hypernuclei. The event observed by Aoki et al. has two possible inter-
pretations as well as the ”HIDA” event and the ”MIKAGE” event.
huge possible lifetime estimates, from totally stable downwards to 10−23 s for a resonant state. This
makes the experimental searches quite difficult.
Nevertheless many tries have been carried out following mainly two strategies:
• Experiments trying to create the H-Dibaryon through strangeness exchange, similar to the hyper-
nuclei production experiments.
• Heavy-ion collisions where quasi all possible states are generated in the cool down of the created
fireball. Either described by a thermal model or a coalescence picture. Both will be discussed later
in section 2.3 when predictions are summarised.
Except some observations of single candidates, which could not survive a deeper analysis, none of the
experiments was so far successful and upper limits in the different mass regions have been given. The cur-
rent only existing candidate would point to a resonant H-Dibaryon in the Λppi− decay channel [YOO07]
by the KEK-PS E522 collaboration. Since this experiment was stopped some members of this collabo-
ration handed in a letter of intent for a ”Large Acceptance Hyperon Spectrometer” at the 50 GeV proton
synchrotron at J-PARC in Japan [AHN11].
2.3 Production Models
We describe here shortly the two currently preferred models for production of hadrons in relativistic
particle collisions which also made predictions for the H-Dibaryon (and the Λn bound state) at the LHC.
2.3.1 Thermal model
The thermal model assumes a thermally and chemically equilibrated system of non-interacting hadrons
and resonances with the particle density
ni =
gi
2pi2
∫ ∞
0
p2d p
e(Ei(p)−µi)/T ±1 ,
with Ei =
√
p2+m2i . The chemical freeze-out temperature Tch and the baryo-chemical potential µB are
usually determined from the fit of experimental data. To make this fit properly, feed-down of particles
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decaying weakly has to be taken into account. Feed-down from resonances are more problematic since
they are hard to subtract experimentally, whereas weak decays into charged hadrons like V0s are possible
to correct for. The model has proven to be very useful from the AGS up to RHIC energies [PBM04]. It was
even able to describe hadron production at e+e− colliders [AND09] and in pp/pp collisions [AND09a].
The first available preliminary yields from the ALICE Collaboration have been fitted and give currently
a best fit for Tc ≈ 152 MeV, V = 5300fm3, whereas µB is fixed to be 1 MeV. If the protons are left out of
the fit, the following values are retrieved: for Tc ≈ 164 MeV, V = 3550fm3 and µB is fixed to be 1 MeV.
This fit is shown in Fig. 1.2.
Also several predictions have been made using Tc = 164 MeV. We show here predictions for the Λ,
several hypernuclei systems (3ΛH,
4
ΛH,
4
ΛHe and
4
ΛΛH), the anti-alpha and the two objects of interest, i.e.
H-Dibaryon and Λn bound state, in Fig. 2.5. These predictions span eight orders of magnitude. Whereas
the H-Dibaryon and the Λn bound state lie in the upper third of these span of predictions.
From the statistical hadronization model one gets a value for the possible yield per rapidity unit in
central collisions which is for the H-Dibaryon dN/dy = 1.016 × 10−2. This has to be divided by 4 to get
the value for 0-80 % centrality which is analysed here, which leads to dN/dy|0−80% = 3.1× 10−3.
For the Λn bound state this is dN/dy = 6.5 × 10−2. This has to be adjusted to the 0-80 % centrality
which is analysed here, which leads to dN/dy|0−80% = 1.625× 10−2.
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Figure 2.5: dN/dy prediction for most central events from the statistical hadronization model for Pb–Pb collisions
at
√
sNN = 2.76TeV, from [AND12a].
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Model Yield (0-10% central) Yield (0-80% central)
Quark coalescence 8.2×10−3 2.05×10−3
Hadron coalescence 3.8×10−2 9.5×10−3
Statistical model 3.2×10−2 8.0×10−3
Table 2.2: Comparison of results from the ExHIC Collaboration [EXP11] for different models for the H-Dibaryon
of central Pb–Pb collisions at top LHC energy of
√
sNN = 5.5TeV. The last column shows the value
divided by 4 to have the value for the later comparison.
2.3.2 Coalescence model
Another model to describe the production probabilities of particles is the coalescence model. Particles
can form by coalescence from passing quarks (quark coalescence model) or hadrons of a similar
momentum in the collision region or the cool down from the fireball. It is not obvious that such an idea
can be used, especially if one compares the chemical freeze-out temperature and the binding energies of
particles, e.g. the deuteron has a binding energy of 2 MeV and a freeze-out temperature of 164 MeV. But
the dominating thermodynamic variable is the entropy, to be more precise it is the entropy per baryon
for this process, see for instance [AND11, STE12] and references therein.
Carl Dover [DOV91] introduced an easy way to estimate the production of the H-dibaryon at AGS,
where its search was also of particular interest. In this ”conservative” estimation method other production
processes, except the hadronic coalescence mechanism are neglected. The model works very well for
non-strange nuclei, i.e. the production of deuterons, tritons and helium at the AGS [KAH96, ARM00].
The produced number of clusters N(A,S) of baryon number A and strangeness S is given by
N(A,S) =
N(A,S)
N(A,0)
N(A,0)
Nα
Nα .
This can now be translated into a penalty factor P for adding baryons
N(A,0)
Nα
≈ PA−3 ,
and a strangeness suppression factor λ for added strangeness content
N(A,S)
N(A,0)
≈ λ |S| .
The strangeness suppression factor λ can be obtained from the Λ/p ratio, which is λ = 30.0|0−5%36.3|0−5% ≈ 0.83
measured at Pb–Pb collisions at 2.76 TeV at the LHC.
The penalty factor P can be estimated from the ratio d/p measured in ALICE to be around 0.0035 for
0-5%, since the deuteron yield in the this centrality class is 0.127 and the proton yield 36.2873±1.988.
Using the formula of Carl Dover we expect a yield of
dN
dy H-Dibaryon
=
(
Λ
p
)2 d
p
dN
dy p
= 0.832×0.0035×36.3 = 0.0875≈ 8.8×10−2 .
dN
dy Λn bound state
=
(
Λ
p
)(
d
p
)
dN
dy d
= 0.83×0.0035×36.3 = 0.105≈ 1.1×10−1 .
The hadronic coalescence picture can also be extended to a quark coalescence picture. One active group
in this area is the ExHIC Collaboration [EXH11], which made predictions for a numerous set of exotic
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states. They calculated expected yields for hadron and quark coalescence, but for the expected top LHC
energy of
√
sNN =5.5 TeV [EXP11]. The expected H-Dibaryon yields are compiled in Table 2.2, where
all values are calculated by them inclusive the statistical model prediction. Their statistical model cal-
culations are based on [AND06], namely they use the assumptions discussed in 2.3.1. But one has to
admit that they assume a quite low freeze-out temperature TF of 125 MeV and a critical temperature Tc
of 175 MeV. Whereas the hadron coalscence takes place at TF and the statistical and the quark coalscence
are connected to Tc in their model.
Chapter 3
ALICE
3.1 ALICE apparatus
The Large Hadron Collider (LHC) [LHC08] is currently the largest collider in the world located at
CERN, Geneva, with a circumference of 27 km. Lead ions and protons are pre-accelerated in the
accelerator complex at CERN before being injected into the LHC with an energy of up to 450 GeV.
A schematic view of the acceleration complex is shown in figure 3.1. Protons are first accelerated
in LINAC2 and then injected into the Proton Synchrotron (PS) to gain more energy. From the PS
the protons are injected into the Super Proton Synchrotron (SPS) and finally into the LHC. For the
Pb–Pb runs in 2010 and 2011 the lead was accelerated in the LINAC3 accelerator and then in the Low
Energy Ion Ring (LEIR) before entering the PS. The LHC provided different collision energies over the
last years of running with
√
s: 900 GeV, 2.36 TeV, 2.76 TeV and 7 TeV for protons. Pb–Pb collisions
happened at
√
sNN = 2.76TeV and recently a pilot run with proton on lead collisions was done at a
center-of-mass energy of 5.01 TeV.
ALICE (A Large Ion Collider Experiment) [AAM08] is one of the four big experiments hosted at the
LHC, its layout is shown in the schematic view of Fig. 3.2. It has a size of 26×16×16m3 and a weight
of about 10000 t. The magnetic field of up to 0.5 T, in the so-called central barrel, is provided by the
L3 magnet. This allows the momentum measurement from the curvature of the charged tracks in the
magnetic field. The geometric acceptance window of the central barrel is |η | ≤ 0.9 while in the muon
spectrometer the geometric acceptance is in the range −4 < η <−2.5.
ALICE is a general purpose detector with the ability to track and identify particles with transverse mo-
menta down to 100 MeV/c. The analyses described in the following make only use of the central barrel,
therefore only this is discussed here. In the central barrel a wide range of detectors, utilising all known
particle identification techniques, are available to allow a very good particle identification in a wide
momentum range. They are discussed going from close to the beam-pipe towards the magnet.
3.1.1 Inner Tracking System (ITS)
The ITS [AAM08] is a silicon detector setup consisting of two layers of silicon pixel detectors (SPD),
two layers of silicon drift detectors (SDD) and two layers of silicon strip detectors (SSD). The ITS is
optimized for efficient track finding and high vertex and impact-parameter resolution. The high resolution
vertex determination is crucial for charm and beauty physics. The resolution of about 60 µm allows the
determination of secondary vertices from weak decays of those. The main aim of the ITS is vertexing
and tracking but it also provides particle identification for the low-pt region starting at ≈100 MeV/c via
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Figure 3.1: LHC accelerator complex [LHC08].
Figure 3.2: Schematic view of the ALICE setup [AAM08].
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specific energy loss dE/dx (described by the Bethe-Bloch formula). The ITS performance is shown in
Fig. 3.3 and a clear seperation of protons from pions is possible for momenta up to nearly 1 GeV/c.
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Figure 3.3: ITS specific energy loss versus particle momentum.
3.1.2 Time Projection Chamber (TPC)
The TPC [ALM10] is the main tracking detector in ALICE. It provides three dimensional tracking of
the traversing particles. The TPC also allows particle identification (PID) via specific energy loss dE/dx.
Charged particles traversing the gas volume ionize the gas atoms along their way and loose a given
amount of energy per unit track length, which is different for each particle species.
A schematic view of the TPC is shown in Fig. 3.4. One can see that the central electrode divides the drift
region in two parts. One is pointing into the direction of the muon arm and the other opposite to it. The
two sides of the central electrode are facing the endplates, where the read-out chambers are placed. The
gas volume itself is build by the field cage and the read-out chambers and create a volume of around
90 m3 which is filled with a mixture of Neon and CO2 (90%/10%). It was filled for parts of the data
taking (until end of 2010) with in the proportions of Ne/CO2/N2 (90%/10%/5%). The central electrode
provides a high voltage of 100 kV with about 400 V/cm field strength to transport the main charges
towards the read-out chambers. The end-plate area is split in the radial direction into two parts, an inner
part and an outer part. This leads to the naming of the read-out chambers, which are called IROCs and
OROCs (Inner- and Outer- Read-Out Chamber). They are segmented in phi direction into 18 sectors
whereas the inner and outer readout chambers have different pad densities. Each chamber is a Multi
Wire Proportional Chamber (MWPC) with cathode pad readout. In total the TPC has 557568 pads and
samples the collision over the drift time of ≈100 µs. Since the primary electrons from the ionization are
not able to induce a signal which is large enough to be detected an amplification is needed. This is done
in the amplification region near the anode wires, where an avalanche effect is generated. Further a gating
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Figure 3.4: Schematic view of the ALICE TPC [ALM10].
grid is added to separate the drift region from the amplification region, such that ions are hindered to
distort the drift field.
The particle identification capabilities are shown from the specific energy loss dE/dx in Fig. 3.5. The
excellent dE/dx-resolution is between 5-8 % depending primarily on the sample length of the track, but
also slightly on the multiplicity of the event.
3.1.3 Transition Radiation Detector (TRD)
The TRD [AAM08, DO¨N07] is segmented into 18 sectors aligned with the TPC sectors. Presently, 13
out of 18 supermodules are installed. Each of the sectors will contain one supermodule built up from
five stacks (counted from 0 to 4) in beam direction each filled with six Multi-Wire Drift Chambers
(MWDCs). These sit on top of each other building 6 layers, counted from 0 to 5. The total TRD will
consist of 522 MWDCs (15× 30+ 3× 24 = 450+ 72 = 522), three supermodules will leave holes
for another detector (PHOS)) when it will be completed. For the first year of data taking (2010) 7
supermodules were installed. In the winter shutdown 2010-2011 further three supermodules were
moved in and commissioned in the spaceframe. Finally in the winter shutdown 2011-2012 three further
supermodules were installed. Each detector module contains a radiator followed by a drift region with
a gas containing 85% Xe and 15% CO2. Anode wires are mounted before the pad readout. The TRD
uses the effect that a charged particle emits a typical radiation when it crosses the interface of two
media of different dielectric properties. This effect depends strongly on the relativistic Lorentz γ-factor
(γ = E/mc2). For electrons of 3 GeV it is γ ≈ 5870, while it is only γ ≈ 21 for pions of the same energy.
This allows the seperation from electrons to hadrons.
The TRD is designed to trigger on electrons and dielectrons, mainly to provide a hardware trigger
on heavy quarkonia (J/ψ and ϒ). It also provides fast (6 µs) triggering capability for high transverse
momentum charged particles (pt > 3 GeV/c).
The TRD performance is shown in Fig. 3.6. On the left part it shows the TRD signal for pions and
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Figure 3.5: TPC dE/dx performance versus momentum p.
electrons (of p = 2GeV/c) from measured data in pp collisions at
√
s = 7TeV, compared with testbeam
data. On the right part the TPC signal in number of σs for expected electrons with and without utilisation
of the TRD is shown.
A large fraction of my time as doctoral student was spent on the TRD itself. I was involved in three parts:
TRD Front-End Electronics (FEE) integration, TRD pretrigger and some time was spent connected to
the gas system. These parts will be described in more detail in the following.
My diploma thesis was related to the assembly and the tests of the first supermodule. All integration
steps are described in detail in [DO¨N07]. After the first supermodule was assembled, tested and installed
(the assembly was completely done in Heidelberg), the steps of the integration were split upon the
collaborating institutes, namely:
Institute Task
Physikalisches Institut (PI), Heidelberg Test of ROBs, hardware and software for pre-trigger
Kirchhoff Institut fu¨r Physik (KIP), Heidelberg TRD trigger part
Institut fu¨r Kernphysik (IKF), Frankfurt FEE integration
GSI FEE integration
Institut fu¨r Kernphysik, Mu¨nster Integration of ROCs into SMs
CERN Tests of the supermodule and commissioning
TRD FEE
The main component of the ALICE TRD FEE is the Multi-Chip Module (MCM). It consists of two
chips: the PASA (PreAmplifier and ShAper) and the TRAP (TRAcklet Processor). The steps of each
part of the FEE processing chain are shown in Fig. 3.7. The electronics allows to decide online if the
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Figure 3.6: Measured TRD signals for pions and electrons in pp collisions at
√
s= 7TeV compared with testbeam
data (left). TPC dE/dx signal in number of σs for expected electrons with and without utilisation of
the TRD (right). Both at p = 2GeV/c.
Figure 3.7: The TRD electronics process chain, taken from [AAM08].
tracked particle is an electron and ships its decision via Optical Readout Interface (ORI) to the Global
Tracking Unit (GTU).
The MCMs are soldered onto Read-Out Boards (ROBs), specially developed printed circuit boards.
Depending on the position in a supermodule, 6 to 8 of these ROBs are grouped together on one chamber.
They process the charge reaching the pad plane towards the MCMs. The MCMs then deliver the data to
the ORI which ships the data to the GTU. The whole processing chain needs careful testing while FEE
integration.
For the FEE integration a test setup and the corresponding infrastructure had to be built. The infrastruc-
ture had to be close to the final environment at the ALICE cave.
Two personal computers formed the main part of the setup. One PC was used for networking and data
readout. Networking here means it was providing a gate towards the GSI network and at the same time
was providing the utilities for a subnetwork of GSI (the trd.net network). The second PC was mainly
providing the test software for the FEE and was able to compile the software for the DCS (Detector
Control System) board, which main component is a FPGA (Field Programmable Gate Array) that had
to be programmed, respectively flashed. Two databases are necessary, one for the communication and
acknowledgement channels (a mysql database) and a database containing the FEE parts and where they
are mounted (an Oracle database).
30
The communication to the DCS boards is possible in two ways: The DCS boards utilize a small linux
operating system which can be accessed via ssh (secure shell), or through the intercomlayer, a commu-
nication based on a protocol developed at CERN which is called DIM (Distributed Information Manage-
ment system).
For this communication a so-called feeserver is running on each DCS board. This feeserver gets encoded
commands from the PC via the intercomlayer. Those are interpreted then by the Control Engine (CE).
Quite some work was connected with the continuous development of the CE and the feeserver of the
pretrigger DCS boards.
Pretrigger
During data taking, the TRD electronics requires an early wake-up signal from the forward detectors
(VZERO and T0) and/or the fast (TOF) detector. This wake-up signal is called pretrigger.
The pretrigger is needed to keep the power consumption of the TRAPs low until a proper signal is
observed and the electronics is switched on.
In the ALICE design the global hardware trigger has three levels: level 0 (L0), level 1 (L1) and level
2 (L2). The TRD pretrigger has three input detectors which are also used as L0 input to the Central
Trigger Processor (CTP). In a physics event which is finally read out by all participating detectors all
three levels have to be passed.
The delay for the pretrigger signal is 700 ns from the interaction up to the arrival at the front-end
electronics. This corresponds to an arrival of the L0 of the CTP of above 900 ns. This means the
electronics can process 2 pre-samples, since the electronics uses 100 ns timebins. When a pretrigger
arrives at the MCMs, they start to reconstruct tracklets (the track fragment within one of the six layers
of the TRD drift chambers) which are then shipped via an optical link to the GTU if no L0 reject is
given within a certain time window. The GTU then starts to combine the tracklets to tracks and identifies
electrons with high transverse momentum: a local TRD level 1 trigger accept is issued and sent to the
CTP. A scheme of the pretrigger system is shown in Fig. 3.8.
Figure 3.8: Schematic view of the TRD pretrigger setup.
The pretrigger system consists of 5 front-end boxes (FEBs) and one control box (CB-A/CB-C) on each
side. Further a control box combining the signals from CB-A and CB-C and the TOF (CB-TOF) related
CHAPTER 3. ALICE 31
trigger decision is part of the design. The FEBs are programmed via JTAG (Joint Test Action Group)
connection through CB-A/CB-C and are controlled via Slow Control Serial Network (SCSN). The CBs
itself are controlled via DCS boards which sit on the control box board and are accessible through
ethernet. To fulfill the strict timing requirements the signals of the forward detectors VZERO and T0
are directly fed into the FEBs and used to perform a trigger decision in the FPGA of CB-A/CB-C,
independently. The CB-A/CB-C trigger decision is then combined with the trigger decision of the
control box for the TOF part of the pretrigger system. A final decision is then taken by another FPGA
and in case of a true event the pretrigger is provided to the electronics via optical fibres to each DCS
board of the TRD. It is also sent to the CTP of ALICE as the L0 input from the TRD. For the analysis
of the trigger efficiency, the signals from each VZERO/T0 channel and the signals from each FEB at the
level of CB-A/CB-C and CB-TOF are counted, independent of the trigger decision. The CB-TOF has
been used to sent pretrigger signals to the TRD electronics in cosmic runs, which allowed calibration
and alignment of these detectors [HUB10].
Gas system
The ALICE TRD is using a gas mixture of Xenon and CO2 and has, when it is completed, a total gas
volume of 28 m3. Each supermodule has an own gas control line (except the three lowest and the three
uppermost chambers which are fed by one line). The whole gas system allows the purification and
liquidification of the Xenon. This system is necessary because Xenon is one of the rare and therefore
also expensive gases. Thus, as little as possible of it should be lost. Xenon has to be taken to provide
efficient transition radiation photon absorption (because the photon absorption cross-section in the
keV-regime scales with Z5), whereas CO2 is used as quenching gas. This means the total gas system has
also to be quite gas tight.
In November 2007 a beam test was done at CERN PS with a complete supermodule. Previous to this
only beam tests with prototypes or in 2004 with a complete stack, but not with the final electronics,
happened. During the beam test in 2007 a huge gas leak was discovered (see also [EMS09]). This led
to cross checks of the gas tightness of all produced chambers (since it was pinned down to the leakage
of a single chamber). The already installed supermodules were pulled back out of the spaceframe and
disassembled. Each chamber was filled with helium and possible leaks were searched for. If a leak was
found it had to be closed with the appropriate glue.
The main source of the leaks was identified to come from a honeycomb support structure which is directly
glued on the pad plane. The gas is creeping towards this honeycomb structure. Therefore it was decided
to close the possible gas exits in the honeycomb. The final measurements of the gas leakage of each
chamber showed that the current total leak rate is below the design value.
3.1.4 Time-Of-Flight detector (TOF)
The TOF [AAM08] detector is also split into 18 supermodules like the TRD. It utilises MRPC
(Multi-gap Resistive Plate Chambers) technology for the measurement of the flight time tflight. This
is given by tflight = thit− t0. Where the start time is measured either by the T0 detector, which will be
described shortly after this detector. Or from a global time minimization from the fit of the particle
distribution reaching the TOF detector itself, if the number of tracks reaching the TOF is large enough
(≥ 3). Another option makes use of the average t0 from the LHC fill, when the other two possibilities are
not available. The mass can be calculated from m = pc
√
c2t2flight
L2 −1, where the length L, the momentum p
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and the tflight are measured. Instead of the momentum p very often the rigidity R =
p
z is used. This leads
to m2/z2 = R2/(γ2−1).
The TOF detector consists of 1638 multi-gap resistive plate chambers. They provide an intrinsic resolu-
tion of approximately 80 ps. Since the overall time resolution for particle identification also depends on
the t0 uncertainty of the event, the TOF resolution is determined by σTOF =
√
σ2intr +σ2t0. With this one
gets σTOF ≈ 86 ps for Pb–Pb collisions and σTOF ≈ 120 ps for pp collisions. This allows a 2σ -separation
between protons and kaons up to 5 GeV/c. The performance for Pb–Pb data taken in 2011 is shown in
Fig. 3.9, where β = vc is drawn versus the momentum p.
TOF also provides a wake-up signal (pre-trigger) input for the TRD which can be used as a cosmic trigger
or a trigger on diffractive events.
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Figure 3.9: TOF β versus p, the clear separation of hadrons is visible.
3.1.5 T0
The T0 detector [AAM08] is built to generate time related signals for the whole ALICE trigger chain. It
has to produce the t0 signal for the TOF detector, which corresponds to the real time of the collision (plus
a fixed time delay). It also has to provide a pretrigger signal to the TRD, prior to the L0 level. Since the
T0 detector generates the earliest L0 trigger signals, they must be very fast. The dead time of the detector
has to be less than 25 ns which corresponds to the bunch-crossing period in pp collisions (25 ns). The T0
consists of two arrays of 12 Cherenkov radiators optically coupled to photo-multiplier tubes, surrounding
the beampipe on two sides relative to the interaction point.
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3.1.6 VZERO
The VZERO detector [AAM08] has to provide a minimum bias trigger for the central barrel detectors.
It also provides centrality triggers in lead-lead collisions, i.e. triggers for minimum-bias, semi-central
and central events. It can be used as a centrality indicator in multiple roles. It can also be used for a
validation signal for the muon trigger to filter background in pp collisions. The VZERO is a small-angle
detector consisting of two arrays of scintillator counters. The VZERO time resolution is better than 1 ns,
allowing discrimination of beam-beam collisions from background events produced upstream of the
experiment.
3.1.7 VZERO and centrality selection
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Figure 3.10: Different centrality classes from the measured distribution of the VZERO amplitude.
Also the offline centrality selection in ALICE can be done utilising the VZERO detector. This is used in
the analyses which will be discussed later. Figure 3.10 shows the measured distribution of the VZERO
amplitudes. The red line fitting the measurement comes from a Glauber model [GLA53]. It is a two-
component model which assumes that the number of sources which produce particles is given by
f ×Npart+(1− f )×Ncoll .
Here Npart is the number of nucleons which participate in the collision, Ncoll is the number of binary
nucleon-nucleon collisions and f a measure of their relative contributions. The number of particles pro-
duced is modeled by a negative binomial distribution. It is parametrized through µ and κ , where κ gives
control on the multiplicity distribution tail and µ is the mean multiplicity of each source. The negative
binomial can be written as
Pµ,κ(n) =
Γ(n+κ)
Γ(n+1)Γ(κ)
(µ/κ)n
(µ/κ+1)n+κ
.
The full fit is then performed using Pµ,κ(n)× f ×Npart+(1− f )×Ncoll.
From this the centrality classes are determined by integrating the measured distribution and split into
different percentiles as shown in Fig. 3.10.
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Strange baryons
4.1 Λ particle
We discuss here mainly the Λ, since it is one of the particles which has to be reconstructed to be able
to finally detect the H-Dibaryon, which search is the major part of this thesis. We also discuss briefly
particles which can be detected by using the reconstructed Λs when they are combined with charged
pions or photons.
The Λ baryon, also called Λ hyperon, has a mass of (1115.683± 0.006) MeV and a cτ = 7.89 cm. It is
measured in ALICE in the p pi− channel which has a branching ratio of (63.9± 0.5)% [PDG12]. The
reconstruction of this channel makes use of the fact that the Λ has a special decay topology, the so called
V0 topology. Since the Λ is neutral and lives relatively long it produces no visible track in the tracking
detectors until it decays and leads into two visible tracks of opposite signed charged tracks. These two
tracks form the shape of a V, starting at the decay vertex of the Λ. V0s have been discovered in 1947 by
G.D. Rochester and C.C. Butler [ROB47] in a cloud-chamber by observing exactly this special topology.
This was the first observation of neutral kaon decays. The Λ was first observed in 1950 by V. D. Hopper
and S. Biswas in photographic emulsions [HOP50].
For the detection of these V0s two approaches are followed in ALICE. Either the entire event is checked
offline for tracks which show a V0 topology or already while the tracks are reconstructed were the
tracking algorithm searches for V0 candidates. These are the so called Offline and the On-the-Fly V0
finders.
4.1.1 Offline V0 finder
From the taken data (one should admit that the algorithm(s) are developed on Monte Carlo events) first a
set of reconstructed tracks is build. The procedure for finding proper V0 candidates then starts with the
selection of secondary tracks. These tracks should not have too small impact parameter with respect to
the primary vertex. Then tracks with opposite charge are combined. Further cuts on the positive and the
negative track’s impact parameter are applied. Then pairs of tracks are rejected if the distance of closest
approach (DCA) between the two tracks is larger than a given value. The minimization of the distance
between the tracks is performed numerically using a 3-dim helix track parametrization [ALI06]. From
this process a secondary (decay) vertex is obtained, whereas only the vertices inside a given fiducial
volume are kept. The inner boundary of this fiducial volume is limited by the expected particle density
and the tracking precision which, in turn, is mainly defined by the multiple scattering on the pixel layers
of the ITS. The V0 finding procedure finishes with checks whether the momentum of the V0 candidate
points well back to the primary vertex. For this the two corresponding tracks are extrapolated to the
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points of the DCA and the V0 momentum is calculated as the sum of the track momenta taken at those
points. Then a cut on the cosine of the angle (pointing angle) between the V0 momentum and a vector
connecting the primary vertex and the V0 vertex positions is applied [ALI06].
Depending on the size of the fiducial volume one can reduce a huge amount of background and reach a
good significance. But at the same time the efficiency drops dramatically. This has to be adjusted by the
used cuts.
4.1.2 On-The-Fly (online) V0 finder
The online reconstruction algorithm of a V0 is done similar to the offline V0 finding algorithm. But since
it is applied while the track is calculated the track properties can be used, i.e. the full material and the
magnetic field are known while the tracks are propagated, which is the main difference to the offline V0
finder. It starts with the identification of possible daughter tracks with a similar algorithm as the offline
V0 finder and using their properties to calculate the characteristics of a possible mother particle. The
daughter tracks are identified already while each track is reconstructed and is done by cutting on the
distance of the daughter tracks to the primary vertex, the distance of closest approach DCA between the
daughter tracks and the pointing angle Θpointing. The momentum of the mother particle should point to
the primary vertex. Further a causality check is performed. This means the absence of space points in
forbidden ITS layers can be required if the decay takes place far enough from the vertex. This shows that
the on-the-fly finder depends strongly on the performance of both: TPC and ITS.
4.2 Λ reconstruction
The reconstructed momenta of the V0 candidates using either offline or on-the-fly V0 are then used to
calculate the invariant mass assuming the positive particle to be a proton and the negative to be a pion.
But since the candidates are built for findable V0 decays they do not just consist of true Λ, but also
contain true K0S and Λ and γ (which have been converted into e
+e− pairs) decays. They give a significant
contribution to the invariant mass of the Λ which is shown in figure 4.1. To remove these so-called
reflections several ways are possible:
• tuning of the topological cuts,
• usage of particle identification,
• cuts in the Armanteros-Podolanski space.
The topological cuts are chosen to be quite open, to not cut to deep into the signal. The strongest cut
(strong in the sense of removing most background but keeping at the same time most of the signal) is
the cut on the cosine of the pointing angle (angle between the reconstructed flight line of the Λ and the
vector between the primary and the decay vertex).
The particle identification, utilizing a nσ cut on the dE/dx in the Time-Projection Chamber, helps a lot
to remove fake Λs. But since electrons cross pions at momenta of around 100 MeV/c and protons at
around 1.0 GeV/c, and at higher momenta also protons and pions are becoming harder to disentangle,
there are still fakes left.
The Armenteros-Podolanski space [ARM53] is spanned by the relative asymmetry of the momenta of
the two decay products coming from a V0 decay and the transverse momentum of the mother. Each
particle species describes the shape of an ellipse in the Armenteros-Podolanski space.
Cutting on the Armenteros-Podolanski space has to be done very carefully, similar to the topological
cuts one can cut into the signal without knowing. This cut is used mainly for the cleanup. A further
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Figure 4.1: Different background sources of the reconstructed Λ invariant mass from a Monte Carlo simulation.
method is to cut on the invariant mass of the unwanted particles. Which lead to white spaces in the
Armenteros-Podolanski plot, see Fig 4.2.
Λ Λ
Κs
0
Figure 4.2: Armenteros-Podolanski plot, where the ellipses for Λ, Λ and K0s are visible.
The final invariant mass plot after applying all cuts (Tab. 4.1) is shown in figure 4.3
These cleaned up Λs are then used for the further combination with particles within a 3σ region around
the peak.
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Figure 4.3: Reconstructed Λs in pp collisions at
√
s = 7 TeV.
4.3 Ξ− and Σ(1385) signal
To cross-check the results of an analysis done in the ALICE resonance group and to confirm the quality
of the selcted Λs (selected from the cuts described in the previous section) we also performed studies on
the Σ(1385)+→ Λpi+ and the Σ(1385)−→ Λpi− which is interesting because if one does not constrain
the cuts too much onto particles from the primary vertex, also the Ξ− becomes visible in the invariant
mass distribution. This is shown in Fig. 4.4 for the Λpi− invariant mass for a subset of the pp data at
7 TeV.
Figure 4.4: Invariant mass of Λ+pi−, showing the Ξ− at 1.319 GeV/c2 and the Σ(1385) as a broad structure with
the mean at 1.385 GeV/c2.
4.4 Σ0 measurement
The measurement of Σ-Hyperons might help to understand the issue raised by the proton yield in Pb–Pb
collisions which is not well described by the thermal model. Therefore we performed first studies in pp
collisions which should be continued soon in Pb-Pb.
The easiest experimentally accessible Σ-Hyperon is the Σ0. First attempts have also been started in AL-
ICE to look for the Σ+ (51.6% Σ+ → ppi0), where the more problematic part is the pi0 measurement.
Whereas pi0 decays via pi0 → γγ in ≈ 100% [PDG12]. But the Σ− (99.94% go into Σ+ → npi−) is by
the current ALICE setup inaccessible, since neutrons are not detectable with the central barrel detectors.
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The Σ0 decays electromagnetically into Λγ and this by a branching ratio of nearly 100%. The Λ recon-
struction is described in 4.2.
The main task to get a Σ0 is the detection of the photon. For this ALICE offers two methods:
• Electromagnetic calorimetry (two different arrays of electromagnetic calorimetry are available, but
both only cover a small range of acceptance), and
• Photon conversions into dielectrons (at ≈ 8% conversion probability).
The second was preferred since it covers a larger area of acceptance and at the same time the most
photons are soft and would not be easy to disentangle from background in the calorimeters.
The detection of the converted photon is making use of the V0 shape of the emitted e+e− pair. The
detection is therefore similar to those of the Λ, described in 4.2. There the photons make a contribution
to the background and have therefore to be removed. Here it is now opposite, we need the photons
and have the Λ as possible background candidates. But we can use the same cut strategy as for the Λ,
namely V0 cuts and background removal by particle identification (3σ cut on electrons in the TPC) and
Armenteros-Podolanski cuts.
The reconstructed photons are shown in Fig. 4.5.
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Figure 4.5: Invariant mass of γ → e+e−. The peaks at around 150 MeV/c2 and 275 MeV/c2 come from wrongly
identified protons and pions and corresponding to left over Λ and K0s signal.
They are then combined with the detected Λ which leads to the invariant mass shown in Fig 4.6. The
peak at 1.193 GeV/c2 is the reconstructed Σ0 → Λγ . The figure shows the complete data set of 2010 for
7 TeV pp collsions (close to 360 million minimum bias events).
A small Monte Carlo study has been done to estimate the Acceptance×Efficiency. But further studies,
especially on the cuts are needed to be able to get yields and spectra for the Σ0.
CHAPTER 4. STRANGE BARYONS 39
Figure 4.6: Invariant mass of Λγ . The peak at 1.193 GeV/c2 corresponds to the Σ0.
cut value
Track cuts
Kink daughters rejected
TPC refit
nclusters(TPC) > 80
χ2/cluster < 5
|η | ≤ 0.9
V0 cuts
dca V0 daughters < 1 cm
dca positive V0 daughter - Vertex < 1 cm
dca negative V0 daughter - Vertex < 1 cm
Armenteros-Podolanski cuts
qt <−2.21α2+2.945α−0.887
qt >−2.21α2+2.945α−0.873
Table 4.1: Optimised cuts used for the Λ reconstruction.
Chapter 5
Λ(1520) measurement
The measurement of the Λ(1520) is done concentrating on the pK− channel which has a branching
ratio of ≈ 22.5% [PDG12]. The decay topology is shown in 5.1. Since it has a width of 15.6 MeV it
lives only 12.6 fm/c, which makes it impossible to distinguish its decay vertex. For the measurement the
decay happens already inside the fireball. This makes it a good candidate for signs of resonance-fireball
interactions as re-scattering and regeneration [MAR03]. The identification of proton and kaon is done
using the dE/dx information of the TPC and the time-of-flight TOF to be in a 3σ band in each detector.
There was a comparison done combining the different available techniques, energy loss in ITS, TPC
and flight-time measurement in TOF. The figure 5.2 shows the different combinations pt integrated, the
combinations using TOF are scaled by a factor of 180 to increase the visibility. From this study one can
Figure 5.1: Decay topology of Λ(1520)→ pK−.
easily see that a pure particle identification using only energy loss in either TPC or ITS is not sufficient,
at least if one looks for the pt integrated signal.
There are several reflections visible on the TPC and the TPC+ITS PID options. These correspond to
missidentified particles at larger momenta, especially pions are then also possible to be identified as
kaons or even protons. Monte Carlo studies have been performed to identify the different reflection kinks
and peaks which are becoming visible at 1.5 GeV/c2, 1.56 GeV/c2 and 1.62 GeV/c2. They correspond
mainly to K0s , K
0(890) and ρ(770).
The other used cuts are the single track cuts commonly used in the resonance analysis group in ALICE.
All used cuts are grouped together in Table 5.1.
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Figure 5.2: Different combinations of particle identification methods for the invariant mass reconstruction of pK−.
One can see already from Fig. 5.2, that the signal sits on a huge amount of combinatorial background.
To reduce errors on the signal extraction it is common to subtract the background. For this several tech-
niques have been tried, such as like-sign, rotation, mixed events and the description of the background
by mathematical functions. Rotation has lead to the worst results and was discarded already in the
beginning of these studies.
The other techniques have been utilized to incorporate systematic effects on the signal extraction.
As a resonance the Λ(1520) signal can be fitted with the shape of a Breit-Wigner function [BRE36], in
their paper on the slow capture of neutrons Breit and Wigner established the following cross-section:
σ(E) = 4piλ (2l+1)
Γ2/4
(E−ER)2+Γ2/4 ,
where λ is the de Broglie wavelength, l the angular momentum, E the measured energy, ER the energy
at the resonance and Γ the width of the resonance. We use here in the following this version of the
Breit-Wigner function:
pi
2
YΓ(MKp)2
(MKp−MΛ(1520))2+0.25Γ(MKp)2
,
where MΛ(1520) is the mass of the Λ(1520), (MKp is the mass of the Kp pair, Γ(MKp) is the width of the
Breit-Wigner and Y a free parameter to handle the height of the distribution.
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cut value
Single track cuts
ITS refit
Hits in ITS at least 1 hit in SPD plus one anywhere else in ITS
TPC refit
nclusters (TPC) > 70
χ2/cluster (TPC) < 4
DCAz < 2cm
DCAxy < (0.0182+0.035/p1.01t )cm
|η | ≤ 0.8
Particle identification cuts
K in 3σ band in TPC and TOF
p in 3σ band in TPC and TOF
Mother cut
|y| < 0.5
Table 5.1: Cuts used for the Λ(1520) analysis
The invariant mass distributions for Λ(1520) to pK− at
√
s =900 GeV and
√
s =2.76 TeV are shown in
Fig. 5.3. A complete analysis was only performed in the limits of this work for pp collisions at
√
s=7 TeV
and this will be discussed in the rest of this chapter.
Figure 5.3: Invariant mass distribution for the Λ(1520) to pK− at
√
s = 900GeV (left) and
√
s = 2.76TeV.
5.0.1 Λ(1520) → pK− in pp collisions at 7 TeV
The large statistics of 2010 allows to split the Λ(1520) in to 16 pt-bins for Λ(1520) and Λ(1520)
separately, which was not possible for the previously performed experiments NA49 and STAR.
As main background description method the mixed event technique was utilized. Figure 5.4 shows an
example pt-bin of the invariant mass for pK− from the same event in black and for mixed events in red.
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Whereas Fig. 5.5 shows the example of the fit to the mixed-event subtracted signal. The fit function is
chosen to be a third-order polynomial to describe the residual background shape and the signal shape is
fitted by a Breit-Wigner.
The mixed events describe the background for lower pt reasonably well but deviates quite strongly at
higher pt . This is currently under study in the ALICE resonance group but was not seen as a huge issue
for the further analysis and the extraction of the yields. Most likely this difference is due to problems in
the mixing framework. In addition to this, remaining background after the mixed events subtraction is
taken care of with the third order polynominal.
Figure 5.4: Example pt -bin for the invariant mass of pK− from the same event (black) and for mixed events (red).
The invariant mass distributions of same and mixed event for the different pt-bins of the Λ(1520) and
the Λ(1520) are shown in Fig. 5.6, respectively Fig. 5.7.
After the subtraction of the mixed event from the same event invariant mass distribution in pt bins,
shown in Fig. 5.8 for the Λ(1520) and in Fig. 5.9 the Λ(1520), all values like mass, width and yield can
be extracted from the fit.
The raw yields extracted from the fit of the Λ(1520) invariant mass in different pt-bins are shown in
Fig. 5.10. The systematic uncertainties are estimated from different particle identification combinations,
namely the change from the standard value of 3σ to 1.5σ and 4σ , respectively.
5.0.2 Acceptance and Efficiency studies
For the estimation of the Acceptance and Efficiency of the measurement full Monte Carlo (MC)
simulations have to be performed. Full here means the complete chain from the pp collision towards the
interaction with detector (and/or support material) and the detection in the detector was simulated. The
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pp@7TeV 
L(1520)p K- 
2.00 GeV/c < pt < 2.25 GeV/c    
 
Breit-Wigner fit: 
mass = (1.51849 ± 0.00037) GeV/c2 
width = (0.01807 ± 0.00125) GeV/c2 
 
PDG: 
mass = (1.5195 ±  0.001) GeV/c2 
width = (0.0156 ± 0.001) GeV/c2 
Figure 5.5: Invariant mass distribution for an example pt -bin after mixed event subtraction for Λ(1520) decaying
to pK−. The Breit-Wigner fit is shown in violet.
studies make use of the AliRoot framework which has interfaces via ROOT [ROOT] to Geant3 [GEANT]
and PYTHIA [PYT06]. The Λ(1520) is not implemented in the standard version of PYTHIA normally
used for pp studies. Therefore it was necessary to implement the Λ(1520) in the version used for the
simulations. The reconstructed acceptance × efficiency is shown in Fig. 5.11. It is the result of the ratio
of reconstructed Λ(1520) and generated Λ(1520).
To also correct for the anti-proton absorption of the Λ(1520) also Geant/Fluka corrections have been
applied. The ratio of the extracted acceptance × efficiency for Λ(1520) to Λ(1520) is shown in Fig. 5.12
and shows deviations mainly at low momenta, here the Geant/Fluka correction was applied.
5.0.3 Results and discussion for the analysis of the Λ(1520)
From the extracted mass of the Λ(1520) we can see a deviation from the PDG value at low pt in
Fig. 5.13. It starts to agree within errors with the PDG value starting from a pt of 0.75 MeV.
In comparison the extracted mass of the MC sample does not show this dependence. This behaviour is
also seen in all other invariant mass analyses and is due to the worse description of energy loss for lower
pt particles.
The extracted width (Fig. 5.14) shows agreement with the PDG value for all used pt-bins. The Λ(1520)
shows the same behaviour for mean and width and is therefore not shown here.
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Figure 5.6: The 16 different pt -bins for the invariant mass of pK−.
The obtained raw yields are now corrected with the acceptance × efficiency from 5.0.2. They further
need corrections for the trigger efficiency and correct normalisation. Thus the final spectra are obtained
from
1
N
d2
dyd pt
=
1
Nused
×Rnorm× εtrigger YrawAcc×E f f .
Here Nused is the number of analysed events, εtrigger the actual trigger efficiency and Rnorm the normal-
isation coming from the different possible min. bias triggers, it is determined from Van-de-Meer scans
performed for each LHC running period. Yraw is the raw yield and Acc×E f f the acceptance× efficiency.
The outcome is shown in Fig. 5.15 and Fig. 5.16 for Λ(1520) and Λ(1520). The spectra are fitted with
the Le´vy-Tsallis distribution
d2N
dyd pt
=
(n−1)(n−2)
nT [nT +m(n−2)] ×
dN
dy
×
(
1+
mt −m
nT
)−n
,
which describes the exponential shape at low pt (characterised by an inverse slope parameter T ) and
the more power law behaviour at larger pt (governed by the power parameter n) at once. It was used in
previous analyses done at the ALICE experiment, see for instance [AAM11, ABE12c].
From the fit of the spectra we can extract the mean pt
〈pt〉= (1.07±0.11)GeV/c
and the yield per rapididty unit
dN
dy
= 0.0089±0.0015 .
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Figure 5.7: The 16 different pt -bins for the invariant mass of pK+ .
To compare this to previous experiments we calculated here the ratio of the yield of Λ(1520) to the
weakly decaying Λ (the yield is the preliminary ALICE value from a separate analysis [CHI12]). We get
dN
dy |Λ(1520)
dN
dy |Λ
=
0.0089
0.093
= 0.0956±0.0211 ,
where STAR had a value of 0.093± 0.017 in pp collisions at 200 GeV [ABE05] and NA49 measured
0.109±0.021 in pp collisions at 158 GeV [MAR00].
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Figure 5.8: Invariant mass of pK− after mixed event subtraction. The 16 different pt -bins are fitted with a Breit-
Wigner (purple) on top of a third-order polynomial (red).
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Figure 5.9: Invariant mass of pK+ after mixed event subtraction. The 16 different pt -bins are fitted with a Breit-
Wigner (purple) on top of a third-order polynomial (red).
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Figure 5.10: Extracted raw yields for the Λ(1520).
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Figure 5.13: Extracted Breit-Wigner mean for the Λ(1520).
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Figure 5.15: pt spectrum for Λ(1520) (only statistical errors) and a Le´vy-Tsallis fit.
Figure 5.16: pt spectrum for Λ(1520) (only statistical errors) and a Le´vy-Tsallis fit.
Chapter 6
Exotica searches
We perform here two searches for exotic particles which both follow similar steps. First the search for
the H-Dibaryon (ΛΛ bound state) secondly the search for the Λn bound state. But before we can discuss
those, we have to discuss shortly the analyses which are directly connected to these searches: The
analysis of p,K,pi , the analysis of light nuclei and the hypertriton, all are performed in Pb–Pb collisions
at
√
sNN = 2.76TeV. They are directly connected in the sense of being used as an input to the searches
or show the physical capabilities of ALICE when these analyses are compared.
For all discussed analyses the following basic event selection have been used:
1. Physics selection for Minimum-Bias events;
2. Accept only events whose primary vertex falls within < 10 cm;
3. Accept only events whose primary vertex was not obtained solely through TPC tracking (rejecting
events with zero contributors);
4. Centrality selection done using V0 of 0 to 80% (If possible splitted into smaller centrality bins).
6.1 Analysis of p,K,pi and Blast-Wave fits
The pt-spectra have been measured in ALICE with different particle identification techniques, for
example utilising TPC and TOF [AKA12]. The measured spectra are corrected for acceptance ×
efficiency and then have to be properly normalised, like discussed in chapter 5. From this procedure
pt-spectra can be determined and in case of Pb–Pb collisions split into different centrality classes.
These spectra have to be fitted to get the final yields. The currently most used function to fit the spectra
in A–A collisions is called blast-wave distribution [SCH93].
The blast-wave distribution is a simplified version of the relativistic hydrodynamic approach which can
describe the collective expansion observed in heavy-ion collisions. It has three parameters: Tfo, β , n, i.e.
a kinetic freeze-out temperature, a velocity parameter and a scale parameter to connect the radial and the
transverse evolution of the system. A more complete description of this model can for example be found
in [SCH93].
The model assumes a spectrum of purely thermal sources which are boosted in transverse direction. The
velocity distribution in 0≤ r ≤ R is assumed to be
βr =
( r
R
)n
βs ,
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Figure 6.1: Blast-wave fit with a common parameter set to pion, kaon, and proton (pi , K, p) spectra simultaneously
in the 0-5% centrality class. From [SCH12].
Figure 6.2: Resulting fit contours (1σ ) for the kinetic freeze-out temperature and velocity for different centrality
bins compared with the results of a similar analysis of RHIC data. From [SCH12].
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Figure 6.3: The specific energy loss as function of rigidity for deuterons and helium-3.
where βs is the surface velocity, it is a free parameter of the fit. In many applications, a linear profile
is assumed and n is fixed equal to unity. The quality of the fit can be improved if n acts as a further
free parameter, whereas the resulting values for the kinetic freeze-out temperature Tfo and βs are only
slightly affected [SCH93, SCH12]. The resulting spectral shape is a superposition of the individual ther-
mal sources and is given by
1
mt
dN
dmt
∝
∫ R
0
I0
(
pt sinhρ
Tfo
)
K1
(
pt coshρ
Tfo
)
r dr ,
I0(x) and K1(x) are Bessel functions and ρ = tanh−1βr. An example fit is shown in Fig. 6.1 with
a common parameter set in the 0-5% centrality class and the resulting fit parameters in all other
centrality bins. The excesses at low momenta are due to feed-down from resonance decays, mainly
ρ(770)→ pi+pi− for the pions and φ(1020)→ K+K− for the kaons.
The comparison of this fit with the previous results from STAR at RHIC is shown in Fig. 6.2. We
observe a 10% higher radial flow at the LHC compared to RHIC.
Blast-wave fits allow a simple phenomenological description of spectra as the model parameters are fit
to the data. They can not describe the full collective properties. For this a full hydrodynamic theory is
needed. But they offer an easy way to study systematically the evolution of particle spectra with only
three parameters.
The previous equation shows the presence of transverse flow effectively leads to a characteristic modifi-
cation of the spectral shape [HEI04]. The collective flow increases the particle energies proportional to
their rest mass mi. Thus the spectrum at low momenta (ptmi) can be described with a correspondingly
higher effective temperature Teff. One directly obtains the expected scaling Teff ≈ Tfo + 12 mi〈βs〉2 in the
non-relativistic limit [SCH99]. Another advantage of the blast-wave fits is given by the fact that the ob-
tained parameters can also be used to approximate the spectral shape for any particle i with a given mass
mi. This will be used in the upcoming sections.
6.2 Light nuclei (deuterons (d) and helium-3 (3He))
The excellent performance of TPC and TOF allows for the clear identification of all stable particles over
a range of 0.15 to 5 GeV/c in rigidity R = p/z, where p is the track momentum and z is the charge
number. The measurement of light nuclei makes use of this.
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Figure 6.4: DCAXY for two different DCAZ cuts for deuterons (left) and anti-deuterons (right).
Figure 6.5: DCAXY distribution of deuterons and anti-deuterons in the transverse momentum region 0.65 ≤ pt ≤
0.75 GeV/c. Left panel: DCAXY distribution of deuterons fitted with a function (2 Gauss + 1 lin-
ear) as blue line. To calculate yield linear background (pink line) is subtracted. Right panel: DCAXY
distribution of anti-deuterons fitted with a function (2 Gauss) as red line.
Figure 6.6: DCAXY distribution of helium-3 and anti-helium-3 in the transverse momentum region 0.85≤ pt/2≤
1.05 GeV/c. Left panel: DCAXY distribution of helium-3 fitted with a function (2 Gauss + 1 linear) as
blue line. To calculate yield linear background (pink line) is subtracted. Right panel: DCAXY distribu-
tion of anti-helium-3.
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Figure 6.7: Deuteron efficiency in Pb–Pb and corrected spectrum in four centrality classes, fitted with blast-wave
functions (right).
We concentrate here on the analysis of deuterons and helium-3 which are needed as limits for the
searches. The various connected track selection cuts are shown in table 6.1.
To identify deuterons and 3He we use the measurement of the specific energy loss (dE/dx) in the TPC
between data and the expected theoretical value of the energy loss, using parametrized Bethe-Bloch
curves which are plotted as the function of the rigidity, this is shown in Fig. 6.3 for Pb–Pb data. The
left part of the figure shows the d identification, the tracks around zero specific energy loss (dE/dx)
difference are identified as deuterons. Like this, one can clearly identify d up to the momentum range of
1.1 GeV/c. To further go up in rigidity and clearly identify the d also TOF is used. This is done by a fit
of signal+background to the m2-distribution of the deuterons. The right part of the figure 6.3 shows 3He
and 4He identification for Pb–Pb collisions. Also tritons are visible. 3He and 4He are identified similar
to the deuteron by using parametrized Bethe-Bloch curve for 3He. We can clearly identify 3He up to
8 GeV/c rigidity, since the helium is doubly charged and has a mass number of three (or four for the
alpha). Therefore helium-3 and helium-4 are nicely separated from the particles with a charge of unity.
Secondary tracks, mainly from knock-out in the material, are rejected using the distance of closest
approach (DCA) to the reconstructed vertex information. It can be seen from Fig. 6.4 that the DCAZ
cut of 1.0 cm removes a large fraction of background for deuterons. Further a DCAXY cut is used to
select primary tracks. In order to select primary d, DCAXY is plotted for various momentum slices of
0.1 GeV/c, one example is shown in Fig 6.5 for Pb–Pb data. As can be seen from the lower plot of
Fig. 6.4 there are less counts for deuterons outside the |DCAXY| ≤ 1.0 cm. We need to reject the linear
background in order to count the primary deuterons. For this, we fit the corresponding anti-deuteron
DCAXY distribution (same pt range) with two Gaussian functions (red line in Fig. 6.5) and then fit the
deuteron DCAXY distribution with two Gaussian function plus one linear line (blue line in Fig. 6.5).
To obtain the primary deuterons we then subtract the linear background (pink line in Fig. 6.5) from
the fit function in the |DCAXY| ≤ 1.0 cm region. To select primaries the DCAXY is plotted for various
transverse momentum slices of size 0.2 GeV/c, one of the example is shown in Fig. 6.5. For 3He the
DCAXY distribution of variable transverse momentum slices is made because of less statistics, one of the
examples is shown in Fig. 6.6. The 3He yield is calculated by integrating counts in |DCAXY| ≤ 0.5 cm
in their DCAXY distribution. The same procedure as used for deuterons is used to count 3He in the
|DCAXY| ≤ 0.5 cm region i.e. by fitting the DCAXY distribution with a function (2 Gauss + 1 linear) and
then subtracting the linear background. The statistical error is calculated as
√
(Sig+Bg)+Bg. The raw
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Figure 6.8: 3He efficiency in Pb–Pb (left) and corrected spectrum fitted with a blast-wave distribution (right).
yield of various nuclei is obtained after background rejection.
To get the final yield of nuclei the efficiency correction has to be taken into account. The efficiency cor-
rection for nuclei is done using Geant3 [GEANT] in the AliRoot framework [ALIROOT]. The simulation
for obtaining the nuclei efficiencies in Pb–Pb collisions is done by including one d, one 3He and one 4He
in each parametrised HIJING [HIJING] event. Fig. 6.7 shows the deuteron efficiency as a function of
transverse momentum for 0-80% Pb–Pb collisions at 2.76 TeV. A similar efficiency plot is obtained for
3He (see Fig 6.8). The efficiency and acceptance corrected spectra for d (in 4 centrality bins) and 3He
(for a centrality of 0-80%) are shown in Fig 6.7, and respectively Fig. 6.8. They are fitted with blast-wave
functions.
Combining the specific energy loss (dE/dx) in the TPC and the TOF information as discussed above,
we identified 10 anti-alpha nuclei in 23 million Pb–Pb collisions at
√
sNN = 2.76TeV, recorded in the
heavy-ion run of November 2011 where a trigger mix of minimum bias, semi-central and central events
was applied. We further apply an offline trigger selecting all 3He-nuclei or heavier candidates. Figure 6.9
shows the dE/dx versus rigidity distribution for candidates after the offline selection for negative particles
in the region where the bands of 3He and 4He are clearly visible. Below a rigidity of p/z ≈ 2GeV/c
three candidates are clearly identified based on the dE/dx information only. At higher p/z the energy-
loss information of the candidates is combined with mass determination performed with the TOF detector
following m2/z2 = R2/(γ2− 1). The inlet in Fig. 6.9 shows the m2/z2 distribution for all tracks within
a 2σ -band around the expected dE/dx for 4He. The 10 identified anti-alphas are highlighted in both the
m2/z2 and the dE/dx versus rigidity plot. A similar analysis had been performed for the 2010 data, which
led to four anti-alpha candidates [AKA11]. The anti-alpha was observed first by the STAR collaboration
in 2011 [AGA11].
6.3 Hypernuclei: hypertriton
The lightest hypernucleus is the hypertriton, consisting of a proton, a neutron and a Λ. It has a mass
of 2.991 GeV/c2 and a lifetime close to the one of the free Λ [MAR11]. The hypertriton and anti-
hypertriton are identified via their weak decays (3ΛH → 3He + pi+ and 3ΛH → 3He + pi−), for details
of the signal reconstruction see also [LEA12, MAR11]. Using the data of 2011, a signal for hypertriton
(anti-hypertriton) with a significance of 4.6 (2.6) has been obtained. The background was evaluated with
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Figure 6.9: TPC dE/dx spectrum for negative particles after a selection of events that contain at least one 3He or
4He candidate. The inlet shows the m2/z2 distribution for this pre-selected data. The 10 anti-alphas
clearly identified by TPC and TOF are indicated as red dots.
two different methods, i.e. like-sign and a combined fit (Gaussian on top of a third order polynomial,
where the Gaussian describes the signal and the polynomial the background shape), shown in Fig. 6.10.
Combining the information from the fits, a mean value of µ = (2.992 ± 0.001)GeV/c2 (only statistical
Figure 6.10: Invariant-mass analyses for hypertriton (left) and anti-hypertriton (right). Both figures show data
(black), like-sign background (red) and a combined fit of a Gaussian on top of a third order polyno-
mial (green).
error) for the mass, which agrees with the world data, and a width of≈ 3.4×10−3 GeV/c2, are extracted.
The latter reflects the resolution over the covered momentum range. For this analysis, the work on effi-
ciency correction, where the main issue is connected to the poorly known 3He matter interaction, and the
connected study of systematics are ongoing. But a clear signal is observed in the data.
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6.4 H-Dibaryon
6.4.1 Analysis strategy
The analysis strategy for the H-Dibaryon is based on the search of one V0 candidate identified as a Λ
going into p and pi− and another V0 kind decay pattern at the decay vertex of the H-Dibaryon, see figure
6.11. First the invariant mass of the Λ is reconstructed (shown in Fig. 6.12) and then the candidates in the
invariant mass window of 1.1113 GeV/c2 < mΛ < 1.1202GeV/c2 are combined with the Four-Vectors
of the p and pi at the decay vertex. The decay vertex is constructed via the two opposite signed tracks. To
identify the protons and the pions for both the true Λ and the V0 kind topology at the H0 decay vertex a
3σ dE/dx cut in the TPC is used.
The cuts which are used are grouped together in table 6.2.
6.4.2 Efficiency and acceptance
To estimate the efficiency × acceptance we generated a Monte Carlo sample of Hijing events enhanced
with Λn and H-Dibaryon, anchored to the corresponding runs of real data. This means that the main
distributions like vertex distribution and multiplicity are forced in the generation process to be close to
the ones of the data.
For the production of the hypermatter enhanced sample the new particles H-Dibaryon and Λn bound
state (plus the Hypertriton in its two and three body decay) first had to be added to AliRoot via Virtual
Monte Carlo. In the sample they are then added on top of a minimum bias MC event. This is done flat in
pt from 0 to 10 GeV/c and flat in rapidity from -1 to 1.
The efficiency is then estimated using the described Monte Carlo production. In Fig. 6.13 the generated
H-Dibaryons are shown on the left side and the corresponding reconstructed associates are shown on the
right side. The result of the division of the two, towards the pt axis projected, histograms is shown in
Fig. 6.14. The estimated efficiency is of the order of 0.04.
Since the efficiency is pt dependent it has to be weighted with the shape of the pt spectrum, for this
we use a blast-wave calculation (see Fig. 6.15) which uses the blast wave fits of p, K, pi measured with
ALICE as an input.
From the convolution of the efficiency with the blast-wave calculation one gets the true efficiency as the
integral of the convoluted function (see Figure 6.16), this leads to an overall pt weighted efficiency of
0.0385.
The gathered statistics are 13.8 million events after physics selection and in centrality from 0-80 %.
For the dedicated MC production of the Λn bound state and the H-Dibaryon 42128 events have been
produced locally.
6.4.3 Estimation of expected yields
From the statistical hadronization model one gets a value for the possible yield per rapidity unit in central
collisions (Fig. 2.5) which is for the H-Dibaryon dN/dy|0−80% = 3.1× 10−3 in the 0-80 % centrality class
which is analysed here.
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Figure 6.11: Decay topology of the H-Dibaryon.
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Figure 6.12: Reconstructed invariant mass for Λs used for the further analysis.
One can calculate the number of expected H-Dibaryons as the product of number of events, efficiency,
branching ratio of the Λ, dN/dy and the accessible rapidity window:
NH0, exp. w/o H0 BR = 1.38 ·107︸ ︷︷ ︸
events
·0.0385︸ ︷︷ ︸
e f f .
· 0.64︸︷︷︸
BR(Λ)
·3.1× 10−3︸ ︷︷ ︸
dN
dy
· 2︸︷︷︸
dy
= 2108.2 . (6.1)
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Figure 6.13: y vs. pt from generated (left) and reconstructed (right) H-Dibaryon.
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Figure 6.14: Acceptance x Efficiency for the H-Dibaryon.
To get an estimate for the expected yield at a given mass this has now to be multiplied with the expected
branching ratio of the H-Dibaryon. From the calculation of J. Schaffner-Bielich and colleagues (see
Figure 2.4) it ranges from 0.1 for a deeply bound H to 0.64 at the ΛΛ threshold. So we would expect
2108.2× 0.1 = 211 H candidates for a deeply bound state and 2108.2× 0.64 = 1349.2 for weakly bound
H close to the ΛΛ threshold.
Figure 6.17 shows the invariant mass reconstructed from real data and on top the two possible observa-
tions for a deeply bound H-Dibaryon (in blue) and one close to the ΛΛ threshold (in red).
The latest theoretical discussion concludes (see [SHA11, HAI11] and references therein) that the H is
either a sligthly bound state or an unbound resonance between ΛΛ threshold and the Ξp threshold which
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Figure 6.16: Convolution of the blast-wave calculation (Figure 6.15) for the H-Dibaryon with the acceptance ×
efficiency extracted from MC (Figure 6.14).
are indicated in Figure 6.17 as arrows.
6.4.4 Error estimation
To estimate the error of the expected yield one should take into account the error of the output of the
statistical hadronization model and the uncertainty of the weighted efficiency. Since the influence of
the pt spectrum is the major source of uncertainty, we investigate different mathematical functions to
describe the pt shape. For this we use Levy-Tsallis, Fermi-Dirac, Bose-Einstein and Boltzmann. The
mean pt for the H has to be between the mean pt of the deuteron (md) and that of the 3He (m3He) since
its mass lies between them for the discussed cases.
The mean pt of pi , K, p, deuteron and 3He is shown in Fig. 6.19. The Evaluation of the weighted mean
for the different functions leads to a minimum efficiency of 0.0288 and a maximum efficiency of 0.0493.
Thus we assign an absolute error of the efficiency of (0.0493-0.0288)/2 = 1.025×10−2.
Taking this into account one gets as expected numbers for the deeply bound H: 211±56 and for the
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slightly bound H: 1349±359.
To further estimate the error of the measured invariant mass we changed the topological cuts which are
shown in table 6.2 for data and Monte Carlo systematically. By this we can see that the efficiency is
changing up to 20%. The invariant mass is behaving non-linear as visible in fig. 6.17.
Figure 6.17: Final invariant mass of H-Dibaryon→ Λp pi− with injected signal for a weakly bound H in red
(mH = 2.23 GeV/c2) and a stronger bound H in blue (mH = 2.21 GeV/c2). The arrow at 2.231 GeV/c2
indicates the ΛΛ threshold and the arrow at 2.260 GeV/c2 the Ξp threshold. The systematic errors are
shown for data in grey and for the injected signals as dashed lines.
d2
N
dy
dp
t
Figure 6.18: Different mathematical functions used for the evaluation of the systematic errors of the weighted
efficiency. The two extreme cases are in black the blast-wave fit of the deuteron and in blue the blast-
wave fit of the 3He. The other functions are Levy-Tsallis, Fermi-Dirac, Bose-Einstein and Boltzmann
as described in the text.
6.4.5 Upper Limit
In a first conclusion one can say that the expected yield is not observed and an upper limit of the produc-
tion yield can be set. The simplest possibility to get a rough estimate of the maximum signal included in
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Figure 6.19: Mean pt vs. mass for different particles (pi , K, p, d and 3He). The full markers correspond to ALICE
points, the open points to RHIC measurements.
the measured invariant mass distribution we use the signal significance as a measure. The signal signifi-
cance (ς ) of a signal S is defined as ς = S√
S+B
, whereas B denotes the background in the signal region.
One can now resolve this equation for the signal S which is unknown a priori. This leads to
S2− ς2S− ς2B = 0 ,so one gets S as : S1,2 = ς2 ±
√
ς2
4
+ ς2B . (6.2)
We calculate the necessary signal for a significance of 5, which is typically the value needed to claim an
observation. From the data we get in a 3σ region around the signal a background of 423±21 counts (for
the slightly bound H), respectively 153±12 counts for the stronger bound H. Using this as an input one
can calculate the necessary signal for a significance of 5 by:
S1,2 =
5
2
±
√
52
4
+52B . (6.3)
From this we get a necessary signal S of 116 counts for the weakly bound H and 76 counts for the
stronger bound H. But the expected signal predicted by the thermal model is 1349±359, respectively
211±56.
This can be also translated into an upper limit for a given confidence level using a more sophisticated
method. This is done using a frequentist approach which assumes Poissonian likelihood distributions for
background and signal. The method we use here to determine the upper limit was introduced in [ROL01]
and further extended in [ROL05].
The usual Neyman construction [NEY37] used by frequentists for the confidence belt is in this method
replaced by the usage of -2 log distribution of a likelihood profile.
From the likelihood, which is treated as fully Poissonian in our case, a likelihood ratio Λ(µ;x,y) is con-
structed. µ is the expected signal, x are the events in the signal region and y the events in the background
region. Λ(µ;x,y) is the ratio of the null hypothesis and the description of the data if no assumption is
made for µ . This is then used as likelihood profile and since the−2logΛ(µ;x,y)∼ χ2(d) the profile can
be treated as a χ2 distribution. This allows the determination of the upper limits from the treatment of
the profile in a numerical minimisation process similar to MINUIT [JAM75, JAM80], which is widely
used as the optimisation algorithm for fitting in high-energy physics. This allows the estimation of the
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upper limit, for this we used the ROOT package TRolke, which also takes into account the uncertainty
on the efficiency. For the observed background of the stronger bound H we observe an upper limit of
31.4 (57.4) at 95% (99%) confidence level for a signal. For the slightly bound H we observe 54.5 (85.8)
at 95% (99%) confidence level. This leads to dN/dy of 4.6× 10−4 (8.4× 10−4) for the deeply bound H
and 1.25×10−4 (2×10−4) for the slightly bound one as upper limits.
6.4.6 Lifetime dependence
The influence of the lifetime on the efficiency was studied by three small Monte Carlo productions which
were done at the GSI computing facility. We set the lifetime of the H-Dibaryon from 2.63×10−10 s, to
1.3×10−10 s, to 5.2×10−10 s and 1.4×10−9 s. This corresponds to 0.5×Λ-lifetime, 2×Λ-lifetime and
5.3×Λ-lifetime. The influence of the lifetime on the efficiency is shown in Fig. 6.20. The result for the
upper limit is shown in table 6.3.
Figure 6.20: Efficiency dependence on the lifetime of the H-Dibaryon.
6.5 Λn bound state
6.5.1 Analysis strategy
The analysis strategy for the Λn bound state is assuming a V0 decay topology for this state. Therefore
the V0 online finder is used to detect it. We focus here on the Λn, since the background is much lower
compared to Λn because of knocked-out deuterons on the matter side. As sketched in the schematic
picture of the decay in figure 6.21, the Λn bound state decays into a d and a pi+. The deuterons and
pions are selected with their specific energy loss dE/dx in the TPC and the invariant mass of these two
daughters is calculated.
The track cuts, as well as the V0 and kinematical cuts, which where used in the analysis are summarised
in table 6.4.
6.5.2 Efficiency estimation and expected signal
The efficiency was determined by using the above indicated Monte Carlo production, and is shown in
figure 6.24. It is analysed in the same way as the H-Dibaryon.
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As for the H-Dibaryon one gets a value for the possible yield per rapidity unit in central collisions
from the statistical hadronization model, see figure 2.5. This is for the Λn bound state of the order of
dN/dy = 6.5 × 10−2. This has to be adjusted to the 0-80 % centrality which is analysed here, which
leads to dN/dy|0−80% = 1.625× 10−2.
The branching ratio is taken from Fig. 6.25 to be 0.35, since it depends on the binding energy of the Λn
bound state which is around 1.3 MeV according to the HypHI experiment which claims its observation
(shown at conferences but not published so far, see for instance [HYP11, HYP12] ). Using this all as an
input one gets:
NΛn, rec = 1.38 ·107︸ ︷︷ ︸
events
·0.0255︸ ︷︷ ︸
e f f .
·0.35︸︷︷︸
BR
·0.01625︸ ︷︷ ︸
dN
dy
· 2︸︷︷︸
dy
= 4002.9 . (6.4)
Figure 6.26 shows the invariant mass reconstructed from real data and on top the possible observations
for a Λn bound state.
6.5.3 Error estimation
Errors can be evaluated like for the H-Dibaryon. The error for the efficiency is 0.014.
This leads to a value of the expected Λn yield of 4003±2198.
As for the H-Dibaryon the signal is clearly not observed and an upper limit and the confidence level of
the exclusion has to be determined.
We use the same strategy as for the H and calculate the necessary signal for a significance of 5. The
background in the 3σ region around the peak is 9868.
From this we get a required signal of 366. So the statistical hadronisation model would need to be wrong
by a factor of 11.
Using the above discussed statistical evaluation one gets an upper limit of 258.1 (405.4) at 95% (99%)
confidence level. From this one can estimate the corresponding dN/dy to 1×10−3 (1.6×10−3).
We also studied the influence of the lifetime on the efficiency using the same three small Monte Carlo
productions which were done locally. We set the lifetime of the Λn bound state from 2.63× 10−10 s, to
1.3×10−10 s, to 5.2×10−10 s and 1.4×10−9 s. This corresponds to 0.5×Λ-lifetime, 2×Λ-lifetime and
5.3×Λ-lifetime. The behaviour of the efficiency is shown in Fig. 6.27. The result for the upper limit is
shown in table 6.5.
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Figure 6.21: Decay topology of the Λn bound state.
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Figure 6.22: Invariant mass of d¯ and pi+ origi-
nating from the generated Λn bound
states.
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Figure 6.23: Invariant mass of d¯ and pi+ asso-
ciated to the generated Λn bound
states.
|VZ| ≤ 10cm
No.of TPC Clusters ≥ 80
χ2 per TPC Clusters ≤ 4
|η | < 1.5
|DCAZ ≤ 10 cm
Kink daughters rejected
min number of ITS Clusters 1
Table 6.1: Track selection cuts for the nuclei analysis
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cut value
Track cuts
Kink daughters rejected
TPC refit
nclusters(TPC) > 80
χ2/cluster < 5
|η | ≤ 0.9
V0 cuts
dca V0 daughters < 1 cm
dca positive V0 daughter - Vertex < 1 cm
dca negative V0 daughter - Vertex < 1 cm
Kinematical cuts
dca positive H0 daughter - Vertex > 1 cm
dca negative H0 daughter - Vertex > 1 cm
dca H0 daughters < 1 cm
Pointing angle of H0 < 0.1 rad
Table 6.2: Cuts used for the H-Dibaryon analysis
lifetime (10−10 s) decay length (cm) efficiency upper limit
1.3 3.95 0.0531 0.00061
2.63 7.89 0.0385 0.00084
5.2 15.8 0.0308 0.0011
14 42 0.0154 0.0017
Table 6.3: Efficiency and upper limit in dependence of the lifetime of the H-Dibaryon
cut value
Track cuts
Kink daughters rejected
TPC refit
nclusters(TPC) > 60
χ2/cluster < 5
pseudo-rapidity |η | |η |< 0.9
rapidity y |y|< 1
V0 and kinematical cuts
VO finder online
Cosine of pointing angle cos(Θ)> 0.99
DCA V0 daughters dca < 1 cm
Momentum ptot of the anti-deuteron ptot > 0.2 GeV/c
Energy loss dE/dx anti-deuteron dE/dx > 110
Table 6.4: Cuts for Λn bound state analysis
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Pb-Pb√SNN=2.76 TeV
Performance
2012-07-20
mΛn = 2.054 GeV/c2cτ = 7.89 cm
Figure 6.24: Acceptance × Efficiency for the Λn bound state.
Figure 6.25: Theoretical calculation of the branching ratios of possible Λ-nucleon bound state decay chan-
nels [JSB12].
lifetime (10−10 s) decay length (cm) efficiency upper limit
1.3 3.95 0.022 0.001708
2.63 7.89 0.0255 0.001474
5.2 15.8 0.032 0.001174
14 42 0.044 0.000854
Table 6.5: Efficiency and upper limit in dependence of the lifetime of the Λn bound state
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Figure 6.26: Invariant mass of the d¯ and pi+ with injected signal in blue.
Figure 6.27: Efficiency dependence on the lifetime of the Λn bound state.
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Chapter 7
Discussion
The upper limits obtained in the previous chapter are compared with the predictions from the production
models introduced in chapter 2. The two models discussed here are the statistical or thermal model and
the coalescence model. Both give predictions for the H-Dibaryon production yields, while we only have
predictions from the thermal model for the Λn bound state.
The prediction from the thermal model [AND12a] gives values for dN/dy of 3.1× 10−3 for the
H-Dibaryon and 1.625× 10−2 for the Λn bound state.
While the coalescence gives a value of dN/dy = 9.5×10−3 for the hadron coalescence and 2.05×10−3
for the quark coalescence model for the H-Dibaryon at top LHC energies.
The determined upper limit for the H-Dibaryon (assuming a lifetime of that of a free Λ) is 8.4×10−4 for
the stronger bound one and 2×10−4 for the weakly bound one. This leads to a disagreement of factors
of 3.7 for the stronger bound H-Dibaryon and 15.5 for the slightly bound one. The disagreement with
the coalescence models are also of the order of 10. This leads to the conclusion that either the model
predictions are wrong or this particle simply does not exist.
However, the thermal model is describing the yields of all known particles quite reasonable. The
exception are only the protons measured at the LHC (see chapter 1.2). The predictions shown in
Fig. 2.5 reach over 8 decades, where the H-Dibaryon and the Λn bound state lie in the upper half of
the predictions. On the other hand, the hypertriton 3ΛH is measured and a signal of significance of 3 can
be established in the ALICE data (discussed in 6.3). Its production probability is a factor of hundred
lower than the predicted H-Dibaryon rate. Even particles like the anti-alpha, predicted to have one of the
lowest production yield per rapidity unit in Fig. 2.5 are detected as shown in Fig. 6.9 which should be
produced by a factor of 104 less than the H-Dibaryon.
The thermal model predictions have been calculated for a temperature of 164 MeV this gives a reasonable
fit to all up to now measured particles when the protons are left out. The best fit including the protons
brings the temperature down to 152 MeV, but gives some tension towards the preliminary measured
yields of the multi-strange baryons Ω− and Ξ−. One can get an estimate for the temperature needed to
explain the factor of 10 difference between upper limit and prediction by assuming a simple exponential
behaviour of the thermal production:
Yieldpredicted
Yieldobserved
=
exp(−m/T1)
exp(−m/T2) =C ⇒ T2 =
T1 ·m
T1 ln(C)+m
.
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Here, m denotes the particle mass, C is the factor between the predicted yield and the observed upper
limit, T1 is the temperature of the prediction and T2 the temperature at the upper limit. Setting C to
10 and T1 to 164 MeV, leads to necessary temperatures of 138.6 MeV for the Λn bound state and to
140 MeV for the H-Dibaryon.
If one assumes the thermal model prediction is correct, and the particle exists, then only two possibilities
can explain the non-observation of the H-Dibaryon. Either the branching ratios are off by a factor of 10
or the lifetime of the H-Dibaryon of such hight, that it is not decaying in the detector acceptance.
The latter was investigated by estimating the efficiency for different lifetimes and show that at 5 times
the lifetime of the free Λ the upper limit will go down by roughly 50% for the H-Dibaryon. Whereas the
upper limit for a longer living Λn bound state would go up by more than 50%. This is due to the enlarged
fiducial volume for the V0 kind decay of the Λn bound state. However, the H-Dibaryon is harder to
detect since the two decay vertices have to be clearly identified. This is only possible if all of the four
final decay products (two protons and two pions) are in the acceptance, since the whole H-Dibaryon
identification does not work without all four final decay products.
The branching ratios for the H-Dibaryon have been calculated by two different groups (J. Schaffner-
Bielich et al. [JSB00] and E. Golowich and colleagues [GOL86, DON86]) and they both agree in the
order (≈ 10%) of the decay channel which we analysed. For the Λn bound state we used a calculation
of J. Schaffner-Bielich [JSB12] which led us to the 35% for the decay channel and the binding energy
observed by the HypHI collaboration [HYP11, HYP12]. From a simple perspective this is even underes-
timated since the free Λ has a branching ratio of 63.9% [PDG12] and the deuteron + pion decay should be
equivalent to this Λ decay. The only other possibility, if charged particles are involved, would be proton
+ neutron + pion, but the hypertriton [MAR11] decays preferably in deuteron + proton + pion, followed
by 3He + pion, but not into 2 protons + neutron + pion. In conclusion, it is unlikely that the branching
ratios are off by a factor of 10 or more.
The only reasonable conclusion here is that the the Λn bound state does not exist either.
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Chapter 8
Conclusion and Outlook
Within this thesis, we presented results on two different kinds of analyses. A study of the Λ(1520)
resonance in pp collisions at
√
s = 7 TeV and two searches (H-Dibaryon and Λn bound state) in Pb–Pb
collisions at
√
sNN = 2.76 TeV.
For the Λ(1520) we presented a first estimate of the dN/dy of dNdy = 0.0089±0.0015(stat.) and the mean
pt of 〈pt〉= (1.07±0.11)GeV/c. The corresponding ratio of the yield of the Λ(1520) to the yield of the
Λ is in agreement with the values measured by previous experiments at lower energies. The measured
mass and width are in agreement with the PDG values. In the scope of this thesis not all errors were
estimated completely. For the publication, further checks and a full estimation of all systematics are
needed and foreseen.
For the searches for the H-Dibaryon and the Λn bound state we set upper limits since no signal was
observed. These limits are for both particles below the thermal and coalescence predictions. The factor
10 difference between upper limit and predictions which we observe, implies temperatures of around
140 MeV instead of the 164 MeV for the thermal model prediction. Further statistics is needed to bring
the upper limit further down. The whole data set of 2011 was not touched for these analyses. A rough
estimate what could be gained from the usage of the 2011 data can be seen from the analysis of the anti-
alpha (shortly discussed in 6.2), where the whole 2011 statistics was scanned and 11 anti-alphas were
observed, whereas the data of 2010 allowed the identification of 4. From this we can say that roughly a
factor of 3 should be expected utilising the 2011 data.
To get a more precise knowledge about the usage of the 2011 data we make use of the numbers of the
J/ψ analysis, they analysed 18× 106 events in the centrality bin of 0-10% and 13× 106 events in the
centrality of 10-40% [ARS13] for these numbers we can make the same calculation of expected signal as
done before in 6.4.3. But we have to take into account the lower efficiency because of several not working
chambers and reduced voltage in the TPC and an increase in the number of dead channels in the silicon
pixel detector, for this we take only 70% of the efficiency extracted from the simulations done for the
2010 data. We further have to take into account the different centrality class involved in the 2011 data,
therefore we use the numbers measured from [AAM11a] and get scaling factors of 0.9 for the 0-10%
compared to 0-5% used for the prediction and 0.52 as scaling factor for the 10-40% compared to the
0-5%. So we can make the following calculation:
NH0, exp. w/o H0 BR = 1.8 ·107︸ ︷︷ ︸
events
·0.0385︸ ︷︷ ︸
e f f .
· 0.7︸︷︷︸
red.e f f .
· 0.64︸︷︷︸
BR(Λ)
·1.05x10−2︸ ︷︷ ︸
dN
dy
· 0.9︸︷︷︸
centr.scal.
· 2︸︷︷︸
dy
= 5588.4 . (8.1)
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NH0, exp. w/o H0 BR = 1.3 ·107︸ ︷︷ ︸
events
·0.0385︸ ︷︷ ︸
e f f .
· 0.7︸︷︷︸
red.e f f .
· 0.64︸︷︷︸
BR(Λ)
·1.05x10−2︸ ︷︷ ︸
dN
dy
· 0.52︸︷︷︸
centr.scal.
· 2︸︷︷︸
dy
= 2331.9 (8.2)
These numbers have to be multiplied with the possible branching ratios for the H-Dibaryon (0.1 for
the stronger bound H-Dibaryon and 0.64 for the lightly bound one) and we get for the stronger bound
one 558.8 (0-10%) plus 233.2 (10-40%) which adds up to 792 expected stronger bound H-Dibaryons.
For the lightly bound H-Dibaryon we get 3576.5 (0-10%) plus 1492.4 (10-40%) which lead to 5069
expected H-Dibaryons in the 2011 data.
If we now compare this with the expected signal calculated in section 6.4.3 we see that we would gain a
factor of 3.75 of signal compared to the 2010 data utilised in the discussed analysis. The calculation for
the Λn bound state leads to the same result.
The factor of 3.75 would lead to a drop of the upper limit we have set by an amount of
√
3.75 = 1.9.
Unfortunately, the events of 2011 are more central, this also leads to an increase of the background
which is not easy to approximate. Thus, we assume that the upper limit would drop by an even lower
number which is challenging to estimate.
The data of 2011 might help to make a stronger statement if these particles exist. But the current data
implies that the H-Dibaryon and the Λn bound state do not exist.
Even if the H-Dibaryon or the ΛΛ bound state do not exist, the ΛΛ interaction is of certain interest also
in the connection to the ΛΛ hypernuclei discussed in 2.1. A direct measurement is done through the ΛΛ
correlation measurement.
Further bound states (dibaryons and anti-dibaryons with strangeness) are predicted [JSB00, HAI12] and
searches for those are possible with the ALICE apparatus.
Furthermore, the interaction of heavier hyperons is poorly known, i.e. ΞΞ or ΛΩ. Measurements in this
field would allow also the theoreticians to provide better calculations of possible bound states.
The planned upgrade of the ALICE setup for high-luminosity Pb–Pb running [ALI12] would enable
also searches for multi-strange baryon bound states via the invariant mass method as presented here for
the H-Dibaryon and the Λn bound state. These searches for dibaryons like (ΛΞ) or (ΞΞ) are possible
since they should be produced abundantly at LHC energies, see [ALI12]. It will be possible to study
particles and anti-particles separately, which will give a significantly improved handle on the systematic
errors. Should none of these predicted states be bound it is even more important to investigate the
interaction among them, which would be measured via the ΛΞ- or ΞΞ correlations. First results on pΛ-
and ΛΛ-correlations have already been presented by ALICE [SZY12, SAF12].
Finally the baryon-baryon interaction is of crucial interest for the understanding of nuclei and hyper-
nuclei and an interplay of experiment and theory is needed. ALICE is suitebale for providing a solid
database for the theoretical modeling of the baryon-baryon interaction and will thus help to judge on the
reliability of these models. A major role will be played by the ALICE group at GSI which started with
this thesis in this area and is currently continued with the master thesis of J. Tscheuschner [TSC14] and
the PhD thesis of N. Martin [MAR14].
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Appendix A
Armenteros-Podolanski
This appendix describes the Armenteros-Podolanski space which is used in the previous discussed
analyses to cut on the V0 particles.
Figure A.1: Schematic decay of a V0 particle with mass m and momentum p into two daughters with masses m1,
m2 and momenta p1, p2 in the laboratory frame (left) and the rest frame of the mother particle (right).
Figure from [MAR11].
The Armenteros-Podolanski variables [ARM53] can be used to classify mother particles from V0 decays
by identifying different decay topologies. The schematic Fig. A.1 shows the decay of a V0 particle with
mass m and momentum p into two daughter particles with masses m1, m2 and momenta p1, p2, the index
1 always corresponds to the positively charged daughter and the index 2 to the negatively charged one.
The left side of Fig. A.1 shows the decay kinematics in the laboratory frame and the right side shows
the decay in the rest frame of the mother particle. The decay of the V0 particle can be symmetric or
asymmetric. In the symmetric case the V0 particle decays into two particles with the same rest mass (e.g.
K0s ), whereas in the antisymmetric case one daughter particle has a higher rest mass than the other (e.g.
Λ). The asymmetry can be quantified by a unitless number α , which relates the longitudinal momenta of
the two daughter particles to the momentum of the V0 particle:
α =
p1L− p2L
p1L + p2L
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Figure A.2: Armenteros Podolanski ellipses for K0S (black), Λ and anti-Λ (red) as well as for hypertriton and
anti-hypertriton (green). The particles show up on the right side, which corresponds to positive asym-
metries α , while the ellipsis for the anti-particles corresponding to negative asymmetries α show up
on the left side. Figure from [MAR11].
while the longitudinal momenta are conserved: pL = p1L + p2L = p1 cos(ϕ1) + p2 cos(ϕ2). Since the
velocity β of the V0 particle can not be measured directly, Armenteros and Podolanski introduced the
quantity qT , which is independent of β , but given by the momenta of the daughter particles
qT = p1 sin(ϕ1) = p2 sin(ϕ2) .
If the variable qT is plotted as a function of the asymmetry α , the different decay types are characterised
by ellipses for β ≈ 1 (ultra-relativistic case). In the ultra-relativistic case the ellipses are given by this
expression: (
α−α
a
)2
+
(
qt
p∗
)
= 1 ,
with α = E
∗
1−E∗2
m0
, p∗ = (2m0)
√
m40+m
4
1+m
4
2−2m20m21−2m20m21−2m21m22 and a = 2p
∗
m0
.
Like this the center of the ellipsis is given by (α,0), whereas a corresponds to the half-axis in x-direction
and p∗ to the half-axis in y-direction. Figure A.2 shows the Armenteros-Podolanski ellipsis for K0s in
black, Λ and Anti-Λ in red as well as for hypertriton and anti-hypertriton in green. The particles show
up on the right side, which corresponds to positive asymmetries α , while the ellipses for anti-particles
corresponding to negative asymmetries α lie on the left side. For a rigorous deduction of formula refer
to [ARM53].
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Appendix B
Λ(1520) branching ratio
The Λ(1520) was not implemented in the standard Monte Carlo frameworks used at the LHC. Since we
need to do the correction of the spectrum for acceptance and efficiency we decided to implement the
particle in these tools.
To do this implementation correctly we checked the Particle Data Group entries on the Λ(1520) which
state:
NK 45±1%
Σpi 42±1%
Λpipi 10±1%
Σpipi 0.9±0.1%
Λγ 0.85±0.15%
From this it is not clear how the fraction 45% of NK is split into nK0 and pK−, where the first is not
easy to detect with the current ALICE setup. Formerly experiments like NA49 and STAR used 22.5%
for each of the NK decays.
A proper calculation has to include the isospin symmetry. We list here the relevant Clebsch-Gordan
coefficients using the notation 〈 j1,m1, j2,m2 |J,M〉:
Λ(1520)→ pK− 〈1/2,1/2,1/2,−1/2 |0,0〉=
√
1/2
Λ(1520)→ nK0 〈1/2,−1/2,1/2,1/2 |0,0〉=−
√
1/2
These values squared will give us the first approximation of the BR fractions to be assigned to the indi-
vidual channels. Now there is a small difference caused by the phase space. For a two body decay with
effective mass Me we have
S2 = pi · p1/Me
where p1 =
√
M2e − (m1+m2)2 ·
√
M2e − (m1−m2)2/Me.
This translates to S2(nK0)/S2(pK−) ≈ 97% for the central value of the Λ(1520) mass. From this we
decided to keep the 22.5% used by the previous experiments.
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